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Transition metal dichalcogenides (TMDs) are naturally occurring layered 
materials that have attracted immense research interest due to their high degree of 
chemical tunability. In particular, MoSe2 has been the focus of significant investigation 
stemming from reports that it converts to a direct band gap semiconductor material at 
ultralow dimensions. Yet, as more and more is learned about increasingly thin MoSe2, 
efforts are now aimed at imparting the novel functionality of MoSe2 into van der Waals 
heterostructures. This dissertation focuses on synthesis and characterization of novel 
MoSe2-based nanolaminate structures that have been self assembled from modulated 
elemental precursors. 
 The first section describes a new treatment of x-ray fluorescence spectroscopy 
data and its use as a powerful probe for determining the absolute composition per unit 
area of a thin film with sub-monolayer accuracy. While this has widespread application in 
the thin film world, it is particularly useful for MER synthesis in the calibration of 
modulated elemental precursors. In order to crystallize a target structure, it is imperative 
to deposit the correct number of atoms, which is now possible with greater precision. 
 The second section shows the importance of rotational (i.e. “turbostratic”) 
disorder on lowering cross-plane thermal conductivity in two systems—MoSe2 and the 
(SnSe2)1(MoSe2)1.32 heterostructure. The binary systems exhibits ultralow thermal 
conductivity that rivals that of WSe2, yet some interlayer atomic registry was noted in 
TEM images. By interleaving layers of MoSe2 with SnSe2—which also possesses 




conductivity was depressed to the lowest reported value in the literature for a fully dense 
solid. 
 The final section presents the synthesis and characterization of a new, ternary 
phase of Bi|Mo|Se. The structure consists of alternating layers of a “puckered” rock salt 
BiSe lattice and nanosheets of MoSe2. Notably, the MoSe2 sublattice consists of a 
mixture of the semiconducting 2H phase (~60%)  and the metallic 1T phase (~40%). This 
is the result of electron injection from the BiSe into the conduction band of the MoSe2, 
which is known to undergo a rearrangement upon reduction.   
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1.1. Abstract 
Heterostructures unconstrained by epitaxy have generated considerable 
excitement due to the discovery of emergent properties—properties not found in either 
constituent. Heterostructures enable the surfaces on either side of two-dimensional (2D) 
layers to be used to systematically investigate phenomena such as superconductivity and 
magnetism in the 2D limit. The ability to choose constituents facilitates the prediction of 
emergent properties created by the unusual coordination environments at 
incommensurate interfaces. There have already been many reviews on heterostructures, 
focusing on a variety of topics that reflect the diverse interest in this area as well as the 
potential for new technologies. Hence this review focuses mainly on the synthesis and 
structural characterization of heterostructures containing transition metal dichalcogenides 
(TMD). This review only briefly discusses 2D materials and TMD/TMD heterostructure 
devices and the performances that have been achieved. This review provides a historical 
context for the rapid development of this field and discusses proposed mechanisms for 
emergent properties. Up to now, the materials used in heterostructures have mainly been 
materials with 2D structures, as these compounds can be easily cleaved into ultrathin 
layers. This review discusses the expansion of heterostructure constituents to include 
materials that do not have 2D structures.  Structural changes and charge redistribution 
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between adjacent (or even more distant) layers are likely to be larger for 3D constituents 
than with 2D constituents based on known misfit layer compounds. Systematic changes 
in properties with layer thickness, layer sequences, and the identity of constituents will 
increase our understanding of emergent properties and how they can be optimized.  
 
1.2. Introduction 
For at least the past half century scientists have been curious about how material 
properties change as thicknesses are reduced to the atomic scale.1–4 In the era before 
scanning tunneling microscopies, there were significant challenges in directly 
determining the thickness of the samples being studied. Instead indirect methods such as 
sheet resistance, absorbance or shadowing effects were used to infer thicknesses. 
Researchers reported very early that naturally anisotropic compounds, such as the 
transition metal dichalcogenides or graphite, with easily cleavable van der Waals planes 
were ideally suited to these investigations.1,3,4 As early as 1966, the "scotch tape" method 
of cleaving van der Waals solids and isolating finite layers was reported.1 As dimensions 
were reduced towards single layers (Figure 1.1), anomalies in exciton binding energy2 
and systematic changes in superconducting properties3,4 were discovered. Although novel 
 
Figure 1.1. Transition metal dichalcogenides are naturally occurring layered materials 
with highly anisotropic bonding. Weak van der Waals forces along the c axis enable them 
to be easily cleaved to obtain monolayer structures, while strong covalent bonds in the ab 
plane preserve the crystalline structure within a layer during cleaving. The schematic 
illustrates the structure of five layers (left), two layers (center) and a monolayer (right). 
The arrows represent the thinning of the sample via cleaving. 
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properties were reported, the analytical challenges in determining thickness and 
recognizing large domains of constant thickness prevented researchers from discovering 
that the anomalous properties of materials such as graphene or MoS2 were intrinsic to 
single layer thick two dimensional (2D) planes. 
During this same era, Arthur and Choi developed molecular beam epitaxy (MBE) 
at Bell Labs.5 The ability to use epitaxial interfaces to grow designed sequences of layers 
of materials with known thicknesses and structure dramatically increased the repertoire of 
potentially available functional materials.6 The ability to imagine sequences of structures 
that could actually be prepared resulted in increased theoretical activity predicting 
properties and potential devices from proposed nanoarchitectures. Although the 
compositional sequences produced by MBE are typically not the thermodynamic ground 
state of the system, they are often sufficiently kinetically stable at normal operating 
conditions to be used in devices. Figure 1.2 shows a schematic energy landscape of 
kinetically stable heterostructures where the thermodynamic ground state is a physical 
mixture of the constituents. Just as in MBE, kinetic stability results from sufficiently high 
inter-diffusion barriers (the energy maxima in the lines connecting the heterostructures 
with the ground state) that prevent the layers from interdiffusing. Preparation of 
artificially layered materials with designed nanoarchitectures via MBE has led to 
fundamental discoveries in physics, including the quantum Hall effect.7 Control of the 
nanoarchitecture has provided access to electronic and transport properties not available 
in the bulk form, and has led to many critical technology-enabling discoveries such as 2D 
electron gas,8 modulation doping,9 light emitting diodes,10 and quantum cascade lasers.11 
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Figure 1.2. Heterostructures are local minima in the free energy landscape and different 
stacking arrangements will have different energies. The kinetic barrier to forming the 
thermodynamic mixture of bulk constituents is a consequence of the activation energy for 
solid-state diffusion. 
The development of MBE was a tremendous advance, but is a technically 
challenging growth technique. Constituents need to have structures and unit cell 
parameters with close lattice matches between them for epitaxial growth to occur. If the 
two constituents do not have a close lattice match, then the interfaces will contain a large 
concentration of dislocations and other defects necessary to reduce the lattice strain. 
Besides the lattice match requirement, there are also significant challenges associated 
with finding deposition conditions where material A can be grown on material B and 
material B can be grown on material A. Finally, the growth of distinct layers at the 2-D 
limit is exceedingly challenging due to mixing that occurs during growth and the 
competition between completing the first layer and nucleating the next layer. 
While MBE research focused mainly on intergrowths of semiconductors with 
diamond based lattices, other researchers discovered ways to prepare new materials 
containing intergrowths of constituents with a variety of different structures. In the early 
1980's, Koma, et al. showed that it was possible to grow single layers of compounds 
containing van der Waals interactions between building units - molecules such as C60, 1D 
chains such as Se or Te, and/or 2D layers such as the transition metal dichalcogenides - 
on substrates terminated with a van der Waals surface. 12,13 They demonstrated that the 
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weak van der Waals interaction between constituents drastically relaxed the lattice 
matching condition usually required in heteroepitaxial growth. The lack of dangling 
bonds at the van der Waals surfaces resulted in very abrupt interfaces with small defect 
levels even with lattice mismatches of up to 50%.14 The removal of epitaxial constraints 
dramatically increased the number of combinations of constituents that could be utilized 
in the preparation of heterostructures. "van der Waals epitaxy" provided the first 
synthesis route to heterostructures containing ultrathin superconducting, metallic, 
semiconducting or insulating monolayer dichalcogenides as constituents with controlled 
and designed nanoarchitecture. 12,13, 14 
Van der Waals epitaxy is an innovative technique that allowed preparation of 
novel heterostructures, however it is still technically very demanding and the challenges 
of finding growth conditions compatible with growing material A on material B and B on 
A are similar to those experienced with epitaxial growth techniques. Around this same 
time period, chemists discovered thermodynamically stable materials, called misfit layer 
compounds (Figure 1.3), that contained interwoven monolayers of constituents that in the 
bulk are superconducting, metallic, semiconducting, magnetic or insulating.15 These 
compounds are typically prepared directly from the elements at high temperature and 
single crystals are prepared via vapor transport.16 The atomic abruptness of the interfaces 
in misfit layer compounds results from the distinctly different crystal structures of the 
constituents. Unfortunately, there is essentially no ability to prepare compounds with 
different constituent layer thicknesses or nanoarchitectures by changing the synthesis 
conditions.15 It is also not possible to prepare isolated monolayers or heterostructured 
bilayers utilizing these high temperature synthesis approaches. The growth of research in 
the field of 2D materials and novel heterostructures did not accelerate at this time due to 
the technical challenges of the available growth techniques and the limited analytical 
tools available to characterize the resulting materials. 
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Figure 1.3. Misfit layer compounds are thermodynamically stable heterostructures of 
alternating layers of rock salt and transition metal dichalcogenide. A defining feature of 
this class of materials is that they usually possess a single commensurate in-plane lattice 
parameter. 
The activity level in the field of 2D materials has exploded in the last decade 
fueled by the discovery of novel properties in graphene by Novoselov, Geim and 
coworkers that resulted in their sharing of the Nobel prize in Physics in 2010.17–19 This 
growth in activity is a consequence of analytical advances (scanning probe microscopy, 
aberration corrected electron microscopes), the rediscovery of the scotch tape approach to 
cleave van der Waals compounds, and a breakthrough in the use of optical microscopy to 
rapidly identify crystals of different thickness.20 The ‘‘Scotch-tape method’’, mentioned 
earlier, is simple, effective and does not require either a large investment or complicated 
equipment. The optical contrast mechanism of ultrathin layers on a silicon wafer coated 
with SiO2 is now well understood. 21,22 This technique permits the rapid scanning of large 
areas to identify optimal crystals using a light microscope, which is neither expensive nor 
complicated. The resulting literature on graphene alone is enormous, with estimates of 
over 10,000 papers a year being published.23 The second wave of research in this area has 
focused on related materials whose bulk structure contains strongly bonded layers 
separated by weak van der Waals forces, including diverse materials such as hexagonal 
boron nitride,24,25 transition metal dichalcogenides,26–32 fluorographene,33 and new 
elemental analogs of graphene -  germanane,34–36 silicene,37 and phosphorene.38,39 There 
are already multiple reviews available on these materials, and the sheer number of papers 
published makes a comprehensive review daunting. Due to the large amount of literature 
on the various 2D-materials this review will focus on the emerging field of 
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heterostructures containing dichalcogenide layers. A schematic of various 
heterostructures is shown in Figure 1.4. Since there are already excellent reviews that 
focus on emergent properties and devices,40,41 this review focuses on the synthesis and 
characterization of heterostructures. 
 
Figure 1.4. Structural schematics of heterostructures composed of various 2D materials. 
a. MoS2 and WS2 - yellow represents S, purple represents W and rose represents Mo. The 
constituent layers are held together by weak van der Waals interactions. b. SnSe and 
TiSe2 - green represents Se, magenta represents Sn, and blue represents Ti. The SnSe 
layer does not have a layered structure, but is a fragment of a distorted rock salt structure. 
c.  PbSe and TiSe2 (green represents Se, blue represents Ti, and maroon markers 
represent Pb). 
Researchers have discovered that the properties of monolayer materials depend on 
the substrate they are attached to, and that the properties can be emergent - ie. not found 
in either the monolayer or the substrate.42,43 This has spawned investigations into 
heterostructures containing two or more 2D materials combined into a composite, and 
there have been considerable efforts made to understand the origin of emergent 
properties.42–57 Several origins have been proposed for different emergent properties, 
including changes in band structure due to removing adjacent layers, finite size effects, 
structural changes with layer thickness, strain, and the presence of adjacent layers as 
discussed in the following section. We will also discuss the synthesis and characterization 
of dichalcogenide containing heterostructures.  
1.3. Origins of Emergent Properties 
In the context of 2D materials, an emergent property is a property that does not 
exist in a bulk compound, but occurs as the material becomes increasingly thinner. 
Frequently, the emergent property only occurs when thickness has been reduced to a 
monolayer.17,26,27 In heterostructures, emergent properties arise when adjacent layers 
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interact with one another. These properties are not present in the individual constituent 
compounds.58 Harnessing the power of heterostructure systems for a variety of uses — 
optoelectronic, thermoelectric, magnetic, etc. — depends on developing a set of design 
principles to understand how to optimize emergent properties. For synthetic groups, the 
ability to precisely control thicknesses and sequences of layers in a heterostructures is a 
critical task that is necessary for the systematic study of structure/property relationships. 
For theoretical groups, identifying the combination of layers and their structural 
characteristics that give rise to a specific set of properties is a challenge. The need is to 
inform what parameter spaces and nanoarchitectures must be explored to optimize 
desirable properties. In the following paragraphs, we discuss the underpinnings behind 
categories of emergent properties, highlighting the discussion with representative 
examples. 
1.3.1. Changes in Band Structure Due to Removing Adjacent Layers 
Perhaps the most obvious cause for emergent properties in single-layer systems is 
the removal of electronic interactions between adjacent layers. The loss of orbital overlap 
changes the band structure and, consequently, gives rise to new properties. Graphene is 
the prototypic example. Each carbon is sp2 hybridized, leaving the pz orbitals—oriented 
perpendicular to each hexagonal layer—half empty. In graphite, the pz orbitals in 
adjacent layers interact to create a filled orbital from the bonding interaction and an 
empty antibonding orbital. Overlap of these bands causes graphite to be a semimetal. In a 
single sheet of graphene, this orbital remains half-filled leading to a zero-gap 
semiconductor with a linear Dirac-like spectrum around the Fermi energy,59 resulting in 
the emergent properties discovered by Novoselov, Geim and coworkers.17 The 
semiconducting dichalcogenides with trigonal prismatic coordination of the transition 
metal (MoS2, MoSe2, WS2, WSe2) are a second example wherein emergent properties 
result from a loss of interlayer interactions.26,27 In 2010, two independent studies were 
published that showed MoS2 transitions from an indirect to direct band gap material in 
going from a bilayer to a monolayer. 26,27 In 2013, Komsa et al. showed that wave 
functions at the ! point extend from the chalcogen atoms into the Van der Waals gap, 
leading to strong interactions with the dz2 orbitals of the transition metal in the adjacent 
layers (for a 2H polytype).60 The highest energy position of the valence band in the bulk 
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is at the ! point. This band rises in energy due to an antibonding interaction between the 
layers. In the monolayer, this antibonding interaction is removed, decreasing the energy 
of this band as it approaches the ! point, resulting in it being below the energy at the K 
point. The energy of the conduction band and its general shape do not change 
significantly with thickness, so the lowest energy point in the conduction band stays at 
the K point.61,62 The net result is that the monolayer has a direct band gap. 
Since the impact of changing coordination at interfaces is apparent even in 
systems with weak van der Waals interactions between layers, more significant changes 
are observed in heterostructures with constituent layers that are more three dimensional. 
Constituents that in the bulk have a rock salt structure, for example PbSe, distort 
significantly when they are present as a bilayer in a heterostructures adjacent to a 
dichalcogenide. The Pb and Se atoms that are in the same (001) plane in the bulk are 
puckered in the bilayer, with the Pb and Se planes displaced from one another by over 0.2 
Å in (PbSe)1(MoSe2)1.63 This distortion results from the termination of the rock salt 
structure and the interaction between the constituent layers. This has significant 
consequences for the band structure, but also impacts a range of other properties. An 
example is the surface segregation of alloys. There is a different chemical composition at 
the surface of an alloy from that in the bulk,64 because surface energies depend strongly 
on the crystal structure of the alloy components.65 Another example is changes in 
solubility in alloy systems. Sn and Pb are miscible in bilayers of PbSe-SnSe alloys across 
the entire solid solution, but the bulk phase diagram shows a large miscibility gap.66 
Changes in bonding at interfaces and between constituents at interfaces are likely to 
become valuable tools used to tune and control properties as they become better 
understood. 
1.3.2. Finite Size Effects 
As the thickness of a layer is reduced below the de Broglie wavelength of the 
electron wave function, there is a transition from continuous to discrete energy levels.67 
In 1993, Hicks and Dresselhaus described how changes in the density of states due to 
localization within a layer could greatly enhance the Seebeck coefficient in 
heterostructures, specifically calculating potential enhancements in thermoelectric 
performance for Bi2Te3 containing superlattices.68 They considered the Bi2Te3 layer as a 
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two-dimensional quantum well with potential barriers formed by the physical boundaries 
of the layer. The calculated band structures showed sharp features in the density of states 
that were predicted to enhance the thermoelectric power factor.69 The emergent properties 
found in graphene were also initially thought to result from changes in electronic 
structure due to quantum size effects. The discovery of strong photoluminescence in 
transition-metal dichalcogenides and the crossover from an indirect and direct band gap 
as thickness is reduced to a monolayer initially lead to speculation that quantum size 
effects might be a general phenomenon in 2-D monolayers.26,27 Since these initial reports, 
MX2 monolayers, where M (Mo, W) and X (S, Se), have been found to have other novel 
excitonic properties, including efficient control of valley and spin occupation by optical 
helicity. 28,29,70–73 Additional studies focused on the fundamental excitonic physics of low- 
dimensional materials and potential technological applications are being rapidly reported. 
73–82 
There has also been considerable effort aimed at distinguishing between 
properties that emerge in ultrathin materials due to unusual features in their band 
structure (for example, interactions between layers in the bulk) and features that result 
specifically from the quantization and changes in energy that result from finite size 
effects.62 One strategy for attributing particular emergent properties to either of these two 
effects is to study properties as a function of relative angle between monolayers or 
between monolayers and substrate. Figure 1.5 shows a schematic of a rotationally 
disordered heterostructure. If the phenomena are dominated by a finite thickness 
phenomena, then the effect of relative rotation angle will be relatively small.83 If the 
phenomena are due to interlayer interactions or their removal, then rotation angle will 
have a pronounced effect.83 First principle calculations of these systems as a function of 
rotation angle are challenging, because the size of the supercell varies considerably and is 
always considerably larger than the primitive unit cell of either a single layer or the stable 
bulk polymorph. Consequently, atomistic simulations are limited to special twist angles 
with manageable supercell sizes instead of random orientations. Simpler models that 
attempt to captures the essential physics are often used. There were extensive studies 
investigating the properties of bilayers of graphene with rotation angle soon after the 
novel properties of monolayer graphene were reported, showing that the interlayer 
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interaction changes dramatically as the angle is changed. 59,84–92 These studies suggest 
that interlayer interactions, rather than finite size effects, dictate the difference in 
properties between monolayer and bilayer graphene. Initial studies exploring the effect of 
rotation angle in bilayers or bilayer heterostructures of Mo and W containing 
dichalcogenides also show a strong dependence of properties on stacking sequence or 
rotation angle.83,93–101 This supports the conclusion that the lack of interlayer bonding is 
an important factor in the direct band gap and novel optical properties of monolayers of 
these compounds. 62 
 
 
Figure 1.4. Schematic of rotationally disordered constituent layers within a 
heterostructures.  Lattice mismatch between constituent layers will increase the 
distribution of rotation angles between layers. 
1.3.3. Structural Changes with Layer Thickness 
As suggested in section 3a, the most salient feature of monolayers relative to their 
bulk counterparts is the removal of the electronic interaction between adjacent layers. For 
very anisotropic compounds—those with strong bonding within layers and weak van der 
Waals interactions between layers—the structure of free monolayers has been calculated 
or assumed to be quite similar to constituent monolayers in the corresponding bulk 
solid,102,103 in agreement with many transition electron microscopy images.104–107 For less 
anisotropic bulk solids, however, more extensive structural changes might be expected at 
lower dimensions due to the increased influence of surface energy that results from the 
removal of adjacent layers. In an infinite crystal, the forces exerted by all the other atoms 
in the crystal determine the position of each individual atom. At a surface, these forces 
are altered, and surface atoms experience more asymmetric inter-atomic forces. 
Consequently, the positions of the surface atoms change from the equilibrium in the bulk, 
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assuming distinct spacing and/or symmetry. Indeed, surface reconstructions are a 
common feature of crystalline solids, with specific distortions depending on the crystal 
face and atoms at the surface.108 Surface reconstructions can extend into the bulk, with 
the extent of distortion decreasing as distance from the surface increases. Hence, 
structural distortions might be expected to change as a function of layer thickness, due to 
the relative importance of surface and volume free energies. 
There is limited data available on the atomic structure of 2D layers, as most 
analytical techniques give only information about the symmetry of the layer or perhaps 
only one or two of the three atomic coordinates of the atoms in the 2D layer. Raman and 
other optical spectroscopies provide information about changes in symmetry and the 
stacking sequences of layers (i.e. polytypism).109 A review article was recently written 
that describes the evolution in Raman modes and lattice vibrations in monolayer, few-
layer, and bulk systems.110 Transmission electron microscopy and scanning probe 
microscopies provide low resolution information about the in-plane coordinates of the 
atoms in 2-D layers. In-plane x-ray diffraction provides information about symmetry and 
the in-plane lattice parameters. The intensities can be used to refine the in plane atomic 
coordinates if the data is of high enough quality.111 Partially due to the challenges in 
obtaining quantitative information about the structure, the majority of studies on mono- 
and few-layer anisotropic compounds that can be prepared using the "scotch tape" 
synthesis approach have assumed that the bulk structure is preserved in the monolayer. 
There are a few studies of heterostructures containing 3-D solids. There is a report of the 
structure of PbSe layers, which has a cubic rock salt structure in the bulk, as a function of 
thickness. A bilayer orientated with the (100) planes is the thinnest layer reported, and it 
has a square in plane lattice but each of the (100) planes distort such that the Pb atoms sit 
in a plane extending slightly into the van der Waals gap, and the Se atoms are in a plane 
slightly interior.112 This puckering distortion is significant, on the order of 0.2 Å. As the 
PbSe layer is increased, the magnitude of this puckering distortion decreases. The 
structure of a four-plane PbSe layer distorts to form two bilayers, with a larger distance 
between the bilayers. The structure of a six-plane PbSe layer distorts to form three 
bilayers, with the distortion in the center bilayer different than the outer bilayers. By the 
time the PbSe layer reaches ten planes, the structure looks like the bulk structure with a 
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surface distortion. This puckering phenomenon and its comparison to the bulk PbSe 
structure (a) is depicted in Figure 1.6, below. It was suggested that these distortions result 
from the interplay between surface and volume free energies.112 
 
 
Figure 1.5. As rock salt bulk compounds are reduced to ultrathin dimensions, the lattice 
becomes increasingly “puckered” such that metal cations extend into the van der Waals 
gap while the chalcogens occupy atomic positions on the interior of the bilayer. (a) the 
bulk rock salt crystal structure (b) Two stacked bilayers of a puckered rock salt structured 
constituent (c) Structure of a single puckered 2D rock salt bilayer. The metal atoms are 
shown in red and the chalcogen atoms are shown in yellow. 
Similar changes in structure with thickness was reported for SnSe layers 
sandwiched between dichalcogenide layers.113–118 Bulk SnSe possess an orthorhombic 
unit cell. However, a bilayer of SnSe was found to have a square basal plane when 
interleaved between either MoSe2 or TaSe2 layers.113,114 Interestingly, the SnSe lattice 
was found to have a rectangular basal plane when interleaved with NbSe2,115 showing the 
importance of adjacent layers. The in-plane lattice parameters in this heterostructure 
became increasingly different as the thickness of the SnSe layer increased.116 Around 40 
planes of SnSe are required before the lattice parameters resemble the bulk compound. 
Similar changes in structure are anticipated as other 3D solids are prepared as 2D layers. 
The changes in the structure of 2D layers of 3D solids with thickness reflects the changes 
in the bonding at the internal surfaces, which provides an additional mechanism to tune 
properties. The unique environment between 2D layers may also make it possible to 
prepare structures as 2D layers that are not stable as 3D solids.117,118 
1.3.4. Strain 
Strain has historically been a valuable tool used in semiconductor technology to 
optimize properties and performance in today’s microelectronics devices.119 In traditional 
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semiconductor devices, strain is typically created during epitaxial growth through lattice 
mismatch at interfaces. For fundamental studies of strain, external forces can be applied 
in a variety of ways to plastically deform the material in question. These studies have a 
long history, with the first report of strain-enhanced mobility in n and p type bulk Si and 
Ge occurring in 1954.120 Many papers have explored the effect of strain on bulk materials, 
thin films, and epitaxially grown layers, including superlattices.121,122 It is not surprising 
that soon after the discovery of the remarkable properties of graphene, strain was 
theoretically and experimentally explored as a tool to modify properties. 123The effect of 
strain on graphene has been recently reviewed.123 
Researchers have explored the effect of strain on properties of novel 2D materials 
using various approaches.60,123–126 Theoretically changing the lattice parameters is 
relatively easy, and it is common, for example, to create supercells with varying degrees 
of strain to approximate rotational angles between layers. As Komsa and Krasheninnikov 
have pointed out, however, it is difficult to distinguish which features originate from the 
monolayer or stacking of the monolayers and which are due to the strain artificially 
introduced into the system to make the calculations easier.60 Experimentally straining 
graphene and other 2D materials is challenging because the weak interlayer van der Waal 
forces that make these materials cleavable and chemically stable as monolayers also 
make them resilient to deformations induced by epitaxy.  Indeed, dichalcogenide 
heterostructures epitaxially grown by Koma and coworkers124 and epitaxial growth of 
TMD mono- layers on graphene125 both resulted in layers with lattice constants very close 
to those of the bulk and the isolated monolayers. This is a consequence of the energy cost 
for straining the lattice and exceeding the incremental bonding energy between layers. 
van der Waal forces are significantly weaker than the covalent bonds found at the 
interfaces of epitaxial III-V heterostructures. The weak interlayer bonding in van der 
Waals heterostructures does not provide a sufficient energy barrier to trap growing layers 
in their strained state during growth.60 
Researchers have been clever in using a variety of approaches to strain 2D 
monolayers, and the large volume of research published in this area has recently been 
reviewed.126 Monolayers have been placed on substrates that have different thermal 
expansion coefficients, resulting in increasing strain as a function of temperature. Two-
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dimensional materials have also been placed on flexible substrates, which, when bent 
create a tensile strain on the top of the substrate and a compressive strain on the bottom. 
This strain can also arise if a 2D material is placed on an elastic substrate. Compressive 
stress is created if the substrate is elongated before the 2D material is applied, while 
tensile strain occurs if the 2D layer is placed on the substrate and is subsequently 
elongated. In a similar manner, the piezoelectric effect can be used to stretch or compress 
a 2D layer on top of a suitable substrate. The van der Waals bonding between the 
monolayer and a substrate can maintain approximately 1% strain before releasing. A 
monolayer can be tacked in place by an edge coating of metal, increasing the magnitude 
of achievable strain. Releasing strain on a monolayer can produce layers with controlled 
wrinkling. This is typically accomplished by positioning a 2D layer on a stretched 
substrate and then releasing the tensile strain on the substrate. Micro Raman spectroscopy 
is a valuable tool to investigate local strain in 2D materials and heterostructures and this 
technique will be discussed in more detail later in this review.127–129 Strain will continue 
to be a valuable tool in the pursuit to tune the properties of monolayers to both 
understand fundamental interactions and create devices.  
1.3.5. The Presence of Adjacent Layers 
Monolayers may be thought of as one-dimensional "particle in a box" situations, 
with the electrons of the layer confined to that layer. Because the potential barriers at the 
walls of the box are not infinite, the wave functions extend outside of the box for a couple 
of angstroms, decaying exponentially. These extended wave functions interact with 
adjacent layers or surfaces causing the layer properties to be modified.42 This interaction 
with adjacent layers can significantly modify the band structures of the individual 2D 
layer, even though no real chemical bonds are formed between them.43 The resulting 
properties of the 2D layer depends on the alignment of bands between that 2D layer and 
the substrate, the density of states of each material, and the extent of charge transfer due 
to electrons having different chemical potentials in the various constituents. In 
semiconducting 2D layers, for example, the exciton binding energy and the quasiparticle 
band gap are influenced by the choice of substrate material and also by excited electrons 
within the 2D layer.44–47 When a semiconducting single layer transition metal 
dichalcogenide is placed on a metallic substrate, a strong band gap renormalization is 
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observed.48,49 Interactions between monolayers and a substrate can be strong enough to 
modulate electronic properties even if the interface is not epitaxial.50,51 The number of 
papers describing different behaviors of monolayers on various substrates is rapidly 
expanding and researchers are investigating a wide range of monolayers and substrates 
both theoretically and experimentally.52–57  Theoretical predictions about non-lattice 
matched monolayers are complicated by the large unit cells required to avoid introducing 
significant strain into the constituents and by the difficulties in treating the van der Waals 
interactions and charge transfer at interfaces.60,130 Experimentally, applying a gate voltage 
to a substrate or changing the Fermi level by chemical doping are both being used to 
discover new phenomena in 2D monolayers.131,132 The dependence of properties of 
monolayers on changes in chemical potential provide a mechanism to create novel 
sensors.133,134 
1.4. Heterostructures Containing Transition Metal Dichalcogenides 
Adding an additional layer (or layers) on top of a monolayer on a substrate, 
creating a three-component sandwich, produces additional complexity. Since many 
potential devices will use monolayers that are buried as part of an overall architecture, 
research in this area will expand considerably as the ease of both manipulating 
monolayers and directly growing different monolayers on top of one another increases. 
We will refer to these composites as heterostructures, and heterostructures of transition 
metal dichalcogenides are the topic of the rest of this review article. 
Heterostructures will grow in importance as a research field for a variety of 
significant reasons. First, devices will require additional layers (top and bottom) to 
provide electrical contacts, protect the monolayers from damage, and to generate 
emergent properties through the interaction between layers. By judiciously choosing 
adjacent top and bottom layers, existing properties can be modified and novel properties 
can be created. The ability to predict the structures and properties of heterostructures that 
have not yet been created provides an opportunity for theorists to create models to probe 
for unique effects in systems that have not been experimentally prepared.135 These 
predictions will provide significant motivation to prepare the identified systems. The 
resulting differences in properties from those predicted and their dependence on 
nanoarchitecture will lead to a greater understanding of structure-property relationships. 
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There is already an impressive number of papers that describe the properties of 
heterostructures containing graphene,55,136–158and a growing number of papers that 
describe heterostructures containing one or more dichalcogenide and the properties that 
arise from the interaction between constituents.159–162 In the future, new constituent layers 
will be prepared and assembled with control of both thickness and the sequence of layers. 
Researchers will have a set of building blocks to create new materials where the 
nanoarchitecture and resulting interaction between constituents provide the tools to 
discover novel and optimize known properties. Perhaps, much like a building is designed 
using optimally designed composites of concrete and steel, new materials will be 
designed by creating nanocomposites with specific architectures to optimize emergent 
properties for targeted applications. This will require the development of an 
understanding of how emergent properties of 2D layers arise and how 2D layers interact 
to form composites that outperform individual materials.  
1.4.1. Synthesis 
Due to their promising applications in a wide variety of devices, 163 researchers 
have devoted considerable effort to discovering efficient means of synthesizing 
monolayers and heterostructures, with ongoing efforts aimed at producing uniform 
structures over large areas.  The "scotch tape" method enables the preparation of 
heterostructures composed of different monolayers, but the micromechanical 
manipulations require considerable skill and patience. There are also concerns about 
surface contamination that can affect the properties of the resulting heterostructures and 
the technique is limited to constituents that can be isolated and stabilized as 
monolayers.137,141,164,165 However, micromechanical exfoliation is a surprisingly robust 
approach and there are many reports of new combinations of constituents and novel 
device structures being prepared using this technique. 
While most of the initial work has been based on monolayers cleaved from single 
crystal materials, there has been substantial interest in developing approaches that 
provide monolayers over sizeable areas. A number of transition metal dichalcogenides 
have been prepared on a variety of substrates using chemical vapor deposition, sputtering 
and other vacuum deposition approaches where the chemical fluxes and substrate 
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temperatures are controlled to grow a defined number of layers of a desired material. 166–
171 When the layers are parallel to the substrate, the challenge in these growth techniques 
is controlling the conditions to completely grow each layer before nucleating the 
following layer. This challenge arises from the limited number of variables that can be 
easily controlled, including the mass flow of reactants and temperature profiles. The 
synthesis of vertically oriented layers, needed for catalytically active samples, is more 
challenging, typically requiring a template layer.172,173 The nucleation and growth issue is 
addressed by Koma's van der Waals epitaxy growth technique,12–14 which has grown in 
use all over the world. A wide variety of new systems prepared using this approach are 
reported every year.138,171,174–179 The in-situ monitoring of growth using low energy 
electron diffraction enables the growth conditions to be systematically optimized, but 
achieving layer-by-layer growth is challenging. A third approach to prepare a defined 
number of layers is to deposit a limited amount of the metal and then react this metal 
layer at low temperatures with chalcogen containing reactants. Both ALD136,180–182 and 
physical deposition approaches183 have been used to deposit a defined amounts of metal, 
however confirming that exactly a monolayer has been deposited is challenging. In a 
related approach, it has been shown that exchange reactions can be used to change oxide 
films into chalcogenide films while preserving the structure and thickness of the original 
film. 184 
In parallel with these layer-by-layer vacuum based growth techniques discussed 
briefly above, there has been a significant effort to develop low cost solution processing 
approaches to 2D materials.140,184–191 Many compounds with layered structures can be 
exfoliated in solutions using a variety of approaches (ion intercalation, ion exchange, 
sonication) as summarized in several reviews.192–194 The key to exfoliation is finding a 
combination of solvent and starting layered material such that the interaction of the layers 
and ions within the solvent is larger than the interaction between the layers of the starting 
layered material. For neutral systems such as graphene, the solvent-graphene interaction 
needs to be large to compensate for the loss of bonding between the graphene layers. For 
starting materials containing ions, the enthalpy of solvation of the cations needs to 
overcome the bonding between layers and the entropy loss associated with organizing 
solvent molecules around the ions. Exfoliated layered materials, which have been used 
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for centuries in a variety of applications, continue to grow in importance. Researchers 
have discovered applications ranging from catalysts and sensors, which take advantage of 
both unusual properties and large surface areas,187 to polymer-exfoliated clay composites 
used as gas diffusion barriers.195 Assembly of the 2D sheets created by exfoliation into 
heterostructures range from a sheet-by-sheet assembly of specific stacking sequences to 
self-assembly of sequences from solutions.186 Groups are beginning to use liquid phase 
printing and spin coating techniques to make simple devices from solution precursors.139 
The scalability of solution processing and its low intrinsic cost relative to vacuum 
processing approaches gives solution processing a unique niche that will continue to 
expand. 
The challenges involved in the synthesis of heterostructures with targeted 
nanoarchitecture are different than those in the traditional synthesis of new alloys or 
compounds. Since most targeted heterostructures will be metastable, the traditional high 
temperature or fluid phase mediated synthesis approaches that mostly yield 
thermodynamic products will not work. It has been recognized that approaches that 
control kinetics and reaction intermediates, such as molecular beam epitaxy, are required. 
A number of interesting approaches to dichalcogenide-containing heterostructures are 
being developed that rely on preparing a precursor containing some of the structure of the 
targeted heterostructure, which is then further processed using approaches that preserve 
the structure of the precursor (Figure 1.7).66,183,196–201 The appeal of these approaches is 
that they avoid the challenges of finding suitable growth conditions as needed for van der 
Waals epitaxy, so several different constituents can be prepared on top of one another (ie 
A on B or C, B on A or C, and C on A or B) which is required to prepare complex layer 
sequences with multiple constituents. Encouragingly, theory groups are beginning to 
explore the growth process, which can provide insights into why some approaches work 
and also potential new approaches to try.202,203  
The fundamental underpinning of the post processing of designed precursors is 
surprisingly similar to that involved in traditional organic synthesis. In both cases 
precursors are designed and then reacted to obtain desired products, with the reaction 
conditions and or design of the precursor used to favor the formation of targeted products. 
Diffusion constraints (temperature and/or protecting groups) are used to direct the system 
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towards desired products. The concept of energy landscapes204 provides a valuable 
framework to potentially understand how the structure of the precursor and/or the 
reaction conditions enables the synthesis of metastable heterostructures.205 
 
Figure 1.6. Synthesis of metastable heterostructures from a precursor with defined 
amounts of elements deposited. The precursor is annealed at low temperatures to self 
assemble the desired heterostructure.205 
1.4.2. Characterization 
Characterizing the structure of constituent layers within heterostructures is critical, 
as most emergent properties will be intimately connected with structural changes at the 
interfaces or throughout the thin layers. These structural changes may be due to the large 
surface to volume ratios in the individual constituents and/or due to interactions between 
the constituents. Understanding the interplay between synthesis conditions and the 
structure as well as the density of defects present in the heterostructures is very important, 
and it is limited by the ability to characterize the samples. Characterizing even the 
average structure of a 2D monolayers or heterostructures is, however, a major challenge 
due to the small amounts of material present. Determining parameters such as local and 
average layer thickness, bond lengths and average composition are significant analytical 
challenges. The development of new analytical tools, for example the easily observed 
optical interference pattern differences between graphene and SiO2 as a function of the 
number of layers,21,22 has been and will continue to be critical as this field advances. 
Numerous techniques have already been used to determine different structural features of 
heterostructures as discussed in the following paragraphs. 
Measuring thickness of layers, both locally and over larger areas, has been a 
known challenge in this field. Historically, thickness was estimated through resistivity4 or 
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electron microscopy measurements.1 In the resistivity measurements, researchers 
assumed a constant resistivity and used the resistance per square to determine thickness.4 
The electron microscopy experiments used both cross sections and the extent of 
shadowing to measure thickness. 1 Both optical interference21,22 and scanning tunneling 
microscopy measurements were critical new tools used by Geim19 and Novoselov18 to 
determine the thickness of different regions as they probed the properties of graphene as a 
function of layer thickness. Additional tools need to be developed to speed the selection 
of heterostructured samples and preparation conditions. 
Several different x-ray techniques have been used to determine the thickness and 
structure of thin film samples. X-ray reflectivity (XRR), an in-FAB metrology tool in the 
semiconductor industry, is very sensitive approach to measuring thickness.206 Figure 1.8 
shows a calculated reflectivity pattern (middle blue trace) for a heterostructure containing 
8 MoSe2 trilayers and two experimental attempts to prepare an 8 layer MoSe2 film. The 
XRR pattern represents the sum of the intensities gathered over a relatively large, cm2 
sample area. The top pattern clearly deviates from that calculated for the ideal sample, 
with the low angle portion of the scan, which is dominated by front surface and back 
surface interference, having a different period than the higher angle portion of the scan 
(10-13°), which is dominated by the incomplete destructive interference of the MoSe2 
trilayers. This suggests that while the sample contains regions with the targeted 8 trilayers 
of MoSe2, other regions are thinner than targeted. The bottom experimental pattern 
closely resembles the calculated pattern, indicating that the majority of the sample 
contains the targeted 8 trilayers. One challenge in interpreting XRR data remains 
determining which interfaces in a sample dominate the intensity pattern. Ellipsometry is a 
complementary tool that can be used to determine film thickness. Extracting thicknesses 
from ellipsometry data requires assumptions about the index of refraction at the 
wavelengths used. Resonant X-ray reflectometry (RXRR) is a developing tool that is, in 
principle, capable of determining complex chemical composition profiles in a non-
destructive manner, as data collected at different energies greatly constrains potential 
structures.207 A challenge in extracting detailed, quantitative information from XRR, 
elipsometry and RXRR data is the needed to construct models. While software exists to 
optimize models to fit experimental data, it is possible for incorrect models to do 
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reasonably well in fitting limited data sets, so complementary information from other 
analytical techniques that can be used to develop initial models is very valuable. 
 
Figure 1.7. Calculated (blue) and experimental (red and yellow) XRR patterns for MoSe2 
films containing 8 layers. 
For heterostructures containing more than one repeating layer sequence, specular 
x-ray diffraction provides a convenient tool to quantitatively determine the average 
position of atomic planes within the repeating layer sequence. There are relatively few 
examples in the literature where specular x-ray diffraciotn and subsequent refinement are 
used to determine the location of atomic planes.208–210 Figure 1.9 contains the specular 
diffraction pattern of (PbSe)1(MoSe2)1 along with a calculated pattern and the difference 
between them, where Rietveld refinement was used to optimze a model for the structure. 
The optimized structure is shown in the inset of Figure 1.9, with the inter plane distances 
from the model graphically displayed by the layer seperation. Due to the alignment of 
constiuents parallel to the substate, only the c-lattice parameter can be extrated from the 
specular diffraction pattern and the refinement provides the location of the individual 
planes of atoms in the c-direction, as well. From the arbitrary locations of the atomic 
planes, the interplanar distances can be determined and any deviations from the bulk 
structure will be observed. From this model the Mo-Se intra unit distance was found to be 
0.151 nm and places the Mo plane of atoms symetrically between the two Se layers.63 
The metal layer in the dichalcogenide might not always be centered, however, as 
asymetric heterostructures might cause planes of atoms to shift due to the forces caused 
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by the presence of different neighboring layers. In the PbSe consituent, there is a 
disortion of the rock salt layer due to the termination of the rock salt structure and the 
attraction and repulsion of the cations and anions respectively to the neighboring 
dichalcogenide layers. The distance between the MoSe2 and PbSe layers was calculated 
to be 0.331 nm, which is  longer than the van der Waal’s gaps in pure dichalcogenides, 
presumably due to the layers having incommensurate structures.63 The use of Rietveld 
refinement with models informed by complimentary techniques allows for fairly accurate 
determination of constituent layer crystal structures within layered materials.  
 
Figure 1.8. Locked-coupled theta-2theta X-ray diffraction used to understand the layer 
thickness of stacked unit cells of a PbSe-MoSe2 heterostructure. A Rietveld refinement 
was conducted to optimize the structure to understand where planes of atoms are located. 
The inset shows a schematic of the structure of the compound with parameters that can be 
determined using Rietveld refinement.63  
In-plane diffraction patterns can be used to obtain the in-plane symmetry and  
lattice parameters as well as additional information about the basal plane structure of the 
film’s constituents. Figure 1.10 contains the in-plane diffraction patterns of a 4-layer, 8-
layer, and 24-layer MoSe2 film. The reflections in the patterns can be indexed assuming a 
hexagonal unit cell and the indices are shown on top of each diffraction maximum. Since 
all expected (hk0) reflections are observed with the anticipated relative intensities, the 
sample consists of randomly oriented domains within the large (cm2) analytical area. The 
change in intensity of the reflections between patterns correlates to the difference of the 
thickness of material in the beam. If the sample were to contain only a single orientation, 
then rotating the film would result in a set of maxima corresponding to the symmetry of 
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the crystal system—i.e. a “pole figure” scan. If there is a second constituent in the 
heterostructures, the in-plane diffraction pattern would contain additional reflections, as 
shown in Figure 1.11 for a SnSe-NbSe2-MoSe2 heterostructure. The observation of all 
expected (hk0) reflections again indicates that the sample consists of domains of all 
orientations. 
 
Figure 1.9. In-plane diffraction of MoSe2 films with 4, 8, and 24 layers (blue, red, and 
yellow, respectively). All maxima can be indexed as (hk0) reflections of hexagonal 
MoSe2 to determine the basal plane lattice parameter. 
 
Figure 1.10. The in-plane diffraction pattern of a 24-layer MoSe2 film is shown in blue. 
The yellow pattern is an in-plane scan of a MoSe2- SnSe- NbSe2 heterostructure. The 
additional maxima can be indexed as SnSe and NbSe2 reflections, enabling the lattice 
parameters of all three constituent structures to be determined.200 
Reciprocal space maps can be used to elucidate the extent of interlayer ordering. 
Figure 1.12 shows the reciprocal space map of (PbSe)1(WSe2)1.63 In this map, there are no 
distinct (hkl) reflections expected from the super lattice. Only broad maxima from the 
PbSe and WSe2 are observed. This is consistent with extensive, random rotational 
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disorder between constituents. Rotational disorder is not surprising in heterostructures 
due to the strong in-plane bonding in constituent layers. Even when one system is 
chemically "soft" due to a more three-dimensional structure, such as the SnSe containing 
heterostructures shown in the diffraction figures, the small energy difference between 
different stacking configurations and the kinetically controlled synthesis approaches used 
to make them will both likely prevent the system from finding a distinct, low energy, 
long range stacking arrangement. The rotational disorder and resultant lack of (hkl) 
diffraction maxima limits the ability to determine average bond lengths both within and 
between constituent layers. 
 
Figure 1.11. Reciprocal space map of a PbSe WSe2 heterostructure. For both PbSe and 
WSe2 there are no distinct reflections that correspond to the super-lattice period, only 
streaking indicating extensive rotational disorder between constituents.63  
Transmission electron microscopy has been an indispensable tool for obtaining 
structural information about constituent layers and the relative orientation between them. 
20,111,211–216 For example, plan view HAADF-STEM images of monolayer MoS2 show 
that the molybdenum and sulfur atoms are arranged in a hexagonal configuration with 
Mo-S and Mo-Mo separations of ~0.19 and ~0.33 nm respectively.211 This is consistent, 
within error, to the bulk structure which contains Mo trigonal prismatically coordinated 
by S.211 Cross section HAADF-STEM images also corroborated trigonal prismatic 
coordination of Mo by S. Cross section HAADF-STEM images of all six possible 
heterostructure isomers containing 4 bilayers of SnSe and 4 MoSe2 trilayers in the 
repeating unit showed that the Mo is trigonal prismatically coordinated by Se, but that 
there was extensive rotational disorder between adjacent MoSe2 layers and between 
MoSe2 and SnSe layers.212 A schematic illustration of these isomers is shown in Figure 
1.13. It is also possible to use HAADF-STEM images to obtain the average separation 
between atomic planes as demonstrated by Mitchson, et al.111 The interplanar distances 
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from these experiments can be used to create initial models for Rietveld analysis of x-ray 
diffraction data. The location of specific atoms within monolayers and the distribution of 
elements between layers in heterostructures can be determined using HAADF-STEM 
contrast or EDX-STEM data.213,214 These examples demonstrate how various STEM 
analytical techniques provide direct structural information. This insight is valuable for 
heterostructures both at a local level and to provide structural models for the 
interpretation of more global analysis techniques. Determining fine scale information, 
such as interlayer and interatomic distances, will become increasingly important to 
explain changes in properties. 
 
Figure 1.13. Schematic illustrations of the 6 possible sequences of layers requiring 4 
dichalcogenide and 4 rock salt bilayers without repeating a portion of the sequence. 
Repeating one layer of each structure 4 times or two layers of each structure twice create 
an eight layer repeat pattern with four layers of each structure, but segments are repeated. 
Scanning probe techniques offer another route to determine the structural 
arrangement of atoms in both monolayers and the top layers of heterostructures.217–220 A 
particularly valuable use of scanning tunneling microscopy/spectroscopy has been to 
examine the effect of synthesis parameters on the structure and defect levels of the 
resulting samples.217 Scanning probe microscopy provides the ability to map electronic 
states and correlate them to topographical features and specific arrangement of surface 
atoms.218 Probing changes to surface structure and electronic states as a function of 
exposure to atmosphere or different gases is particularly important to understanding the 
differences in properties of samples prepared in various environments.219 Scanning probe 
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microscopy is a critical tool to determine changes in thickness of layers transferred using 
the scotch tape approach. 
Measuring composition is a significant challenge in heterostructures due to the 
small amount of material, small probe sizes, and resulting small analytical volumes 
present in many common approaches. Electron or ion beam techniques are particularly 
challenging due to the small analytical volumes of the probe beam in the layer of interest 
relative to the analytical volume buried in the substrate. While the substrate signal can be 
reduced by changing the accelerating energy of the beam, this also affects the excitation 
probabilities for different transitions in the layer being probed. Energy dispersive 
spectroscopic (EDS) techniques suffer from the need to subtract relatively large 
background signals, whereas wavelength dispersive spectroscopic techniques (WDS) 
have a significantly smaller background signal. This makes WDS more appropriate for 
trace element analysis. Instrumentation improvements are required to increase the signal 
level necessary to obtain both relative composition and absolute quantitative amounts. 
Ion beam approaches, such as time of flight secondary ion mass spectroscopy (tof-SIMS), 
have the sensitivity to detect monolayers, but rigorously quantifying the ion yields has 
also proven difficult.221 For large area samples, techniques such as x-ray fluorescence 
might provide enough signals, due to the increased area probed, to quantify the extent of 
fractional layers, but quantifying the geometric factors affecting the signal is challenging. 
Atom probe tomography is another approach to determine both composition and structure, 
and has been shown to be particularly useful to determine local occupancies of dopant 
atoms in 2D heterostructures.222 
Raman spectroscopy is the most common analytical tool used to probe 2D 
materials,109,223–228 because characteristic vibrational modes can be used to identify 
specific monolayer materials and polytypes.229 It is a quick, non-destructive probe of 
small areas and does not require complicated sample preparation. The high-frequency 
intralayer vibrational modes of different dichalcogenides each have characteristic 
frequencies. These high frequency interlayer modes do not shift much in energy or 
intensity from the bulk dichalcogenide with the same local coordination of the transition 
metal (octahedral or trigonal prismatic).229 The low-frequency breathing and shear modes, 
however are different for each polytype.109 Once vibrational modes for different materials 
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are tabulated, the Raman spectra of monolayer samples can be used to determine the local 
coordination and stacking motif of the layers. In few layer dichalcogenides and in 
heterostructures stacks, the changes in local symmetry due to the limited number of 
layers results in new Raman active modes.230 For heterostructures or multilayer samples 
where the layers are not rotationally aligned, the interlayer breathing and shear modes can 
be highly sensitive to variation of the twist angle.231 This complicates the Raman analysis 
of heterostructures and multilayers with random twist angles, and complementary 
techniques that more directly probe structure, such as electron or scanning probe 
microscopies, are frequently used in parallel.  
Raman spectroscopy has become one of the first tools used for probing the 
properties of layered dichalcogenides and therefore has been the subject of multiple 
reviews. We refer interested readers to these excellent reviews.  Zhang, et al. has 
discussed changes in Raman of transition metal dichalcogenides as a function of 
thickness, from monolayer to bulk. 110 A review by Saito, et al. covers the fundamentals 
of the polarization dependence of the Raman intensity and the Raman tensor. Zhang, et al. 
provide a more comprehensive review of different types of layered chalcogenides.232 
They demonstrate how low frequency modes can be used to probe the rotational angle 
between layers in a bilayer and to investigate the interlayer coupling of vertically stacked 
dichalcogenides in heterostructures.229 Puretzky, et al. beautifully illustrate this point, 
using complementary electron microscopy data to demonstrate how low frequency 
Raman modes due to interlayer vibrations serve as fingerprints to characterize the number 
of layers and their stacking configurations.233 These papers and the references they 
contain provide valuable insight into the importance of Raman spectroscopy as a quick 
initial probe of heterostructures. 
1.5.  Properties 
An iterative relationship between theory and experimental probing of physical 
properties, particularly in the nascent stages of discovery, greatly accelerates advancing a 
field. Optimizing the properties of dichalcogenide-based heterostructures through rational 
design is in an early stage and the number of potential heterostructures is enormous even 
if confined to those containing dichalcogenides.214 The more theory can be informed by 
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experimental data and vice versa, the faster progress there will be in predicting and 
engineering the properties of particular heterostructures.  
An advantage of transition metal dichalcogenides as constituents of 
heterostructures is the wide range of properties that are known in the bulk compounds. 
Layered dichalcogenides can be metallic, superconducting, semiconducting, semimetallic, 
catalytically useful, and potential photocatalysts. A wide range of 2D magnetic properties 
can be found in closely related MPX3 compounds where a phosphorus dimer substitutes 
for a transition metal in the hexagonal metal layer.234–244 Transition metal dichalcogenide 
containing heterostructures provide an entire new set of parameters, including but not 
limited to - modulation doping via charge transfer between constituents, layer specific 
alloying, stacking sequence, rotation angle, and non-periodic graded structures - to 
combine, tune and/or optimize properties. Relative to more traditional tetrahedral 
semiconductor-based layered architectures, the chalcogenide surface layers of 
dichalcogenides provide the ability to abruptly change both structure and composition. 
The lack of covalent bonding between layers allows for a range of rotation angles 
between the constituent layers and for their structures to be independent of one another. 
This field is just beginning and the following sections review recent progress with the 
discussion grouped around common properties or materials. 
1.5.1. Semiconducting Heterostructures 
Emergent phenomena in dichalcogenide monolayers were first discovered in 
semiconducting group 6b (Mo, W) dichalcogenides. MoS2,26,27 MoSe2,70 WS2,245 and 
WSe231 have all been reported to transition from an indirect to a direct band gap as 
thickness is reduced to a single monolayer. Since monolayers of these compounds are 
relatively easy to isolate and are stable in ambient conditions, these systems and their 
emergent properties have proven amenable to extensive investigation. The group 6b 
dichalcogenides all contain a central plane of trigonal prismatically coordinated transition 
metal atoms, while the tin atoms of the semiconducting SnS2 and SnSe2 compounds, 
which adopt TMD-like layered structures, are all octahedrally coordinated. It is 
interesting to note that bulk tin dichalcogenides, like the group 6b analogues, are indirect 
band gap semiconductors, yet at the monolayer limit, tin dichalcogenides have both have 
been reported to maintain the indirect band gap.246 
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In heterostructures containing these and other semiconducting dichalcogenides, the 
band alignment between the constituents is critically important in determining properties 
(see Figure 1.14). In so-called type I band alignment, the band gap of one material falls 
entirely within the bandgap of the other material. In type II band alignment, the two band 
gaps are offset from each other such that EVB,1 < EVB,2 < ECB,1 and ECB,1 < ECB,2. In type 
III (“broken”) band alignment, the band gap of one material falls entirely within the 
valence band of the other material. The first reference to heterostructures of 
semiconducting dichalcogenides we could find in the literature was on SnS2/SnSe2/SnS2 
heterostructures published in 1999. Van der Waals epitaxy12 was used to prepared these 
heterostructures  and a series of measurements were done to determine band offsets.247 
The recent interest in 2D materials has resulted in several papers reporting band offsets of 
heterostructures as a function of twist angle between bilayers,93 and between different 
dichalcogenides that are stacked on top of one another.248,249 There has also been 
considerable interest in lateral heterostructures – i.e. the in-plane junction of two different 
dichalcogenides.250 Both calculations and scanning tunneling experiments examining 
lateral 2D heterostructures have been reported.157,251 
 
Figure 1.12. Band alignments in semiconducting heterostructures fall into one of the 
three categories depicted. In type I heterostructures, the band gap of one material falls 
entirely within the band gap of the other material. In type II heterostructures, the two 
band gaps are staggered such that CB2 < CB1 and VB2 < VB1 < CB2. In type III, the band 
gap of one material falls entirely within the valence band of the other material. 
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The band alignment has an important influence on the carrier dynamics of electron-
hole pairs created when light is absorbed (i.e. “excitons”). If a heterostructure has type II 
alignment, for example, the electron-hole pair created by the absorption of a photon in 
one layer can reduce its energy by transferring either the electron or hole to the adjacent 
constituent. In MoS2-WS2 heterostructures the holes can substantially reduce their energy 
by transferring from the MoS2 to WS2 and vice versa for electrons.252,253 Significantly, 
the transfer of the hole between layers does not depend on the orientation of the layers, so 
epitaxy is not required, and this result implies that lattice mismatch should not affect the 
transfer rate.253 This has been confirmed by subsequent reports showing ultrafast charge 
transfer in MoS2-WSe2,254  MoTe2-MoS2255 and MoSe2–WSe2256 heterostructures. Since 
an electron-hole pair is tightly bound in 2D monolayers and there is a momentum 
mismatch between randomly rotated layers, the efficient and ultrafast charge transfer 
between layers has significant implications for devices prepared from heterostructures. 
Consequently, various aspects of the charge transfer mechanism have been explored both 
theoretically257–259 and experimentally.159 Figure 1.15 summarizes the optical transitions 
expected for heterostructures with type I and type II band alignments.  
  
Figure 1.13. In type I alignment of the bands, photons can be absorbed if the energy of 
the incident light is above the respective band gaps, forming excitons. The kinetics of 
charge transfer between the constituents (labeled 2) and the ratio of initial absorption 
between the two constituents will determine the relative intensities of light emitted at the 
different band gap energies. In type II alignment, formation of the exciton occurs in one 
constituent layer and electrons will transfer into the adjacent material to achieve a lower 
energy state, resulting in an interlayer exciton.  Since the constituents are separated only 
by the small van der Waals gap, the two charges remain bound. 
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The discovery that monolayers of the group 6b dichalcogenides have direct band gaps 
and the discovery of fast charge transfer in heterostructures containing them has spawned 
research into the electronic properties of these systems and their derivatives. These 
dichalcogenides interact strongly with light at the ultimate monolayer limit260 and host 
highly stable excitons (i.e. high binding energies, extended lifetimes),56,261,262 which has 
resulted in exciting studies that either probe or exploit these properties. The substrate 
influences the excitons154 but some properties, such as the conservation of spin-valley 
polarization during charge transfer between two monolayers, have been found to be only 
weakly dependent on the twist angle between layers.161 The unique properties of 
dichalcogenide monolayers and the heterostructures built from them provides a promising 
platform for light–matter interaction experiments260,263 and has resulted in a continuing 
stream of papers building devices to take advantage of these properties. The devices 
include light emitting tunneling diodes,150 floating gate memory,156 photovoltaic 
devices,160,264 and high sensitivity,151 broadband,153 and large area detectors.265 
Dichalcogenide nanosheets are also being explored as efficient photocatalysts and 
electrocatalysts  for the production of hydrogen.187,266,267 There has been considerable 
interest in the growth and properties of lateral heterostructures – in-plane junctions of two 
different dichalcogenides.250,268 Alloying either the transition metal269 or the chalcogen270 
can be used to tune most of the important properties of these dichalcogenides, including 
structural phase transitions,271  band offsets,272 band gaps,273 and resulting device 
properties.68,274 This field is rapidly advancing, and ultimately the emergent properties of 
semiconducting TMD monolayers and heterostructures may find practical applications in 
lasers, light-emitting diodes, detectors, and photovoltaics. The next decade will see a 
significant growth in our understanding of the relationship between the structural nuances 
of TMD's in heterostructures, such as the importance of the interactions between layers, 
between constituents and substrates, between the active and protecting layers, and the 
resulting optoelectronic properties. This understanding will be of paramount importance 
for the efficient optimization of the emergent properties. The ability to construct novel 
heterostructures with reasonable assurance that they can be made provides value to 
predicting their properties. These predictions will significantly speed the development of 
this area. 
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1.5.2. Metallic Heterostructures 
The transition metal dichalcogenides, structurally related compounds, and other 
compounds that are potential heterostructure constituents offer a wide array of interesting 
properties that should, in principle, change as a function of thickness. While most of the 
early work has been on semiconducting monolayers, due to their novel emergent 
properties, the group IV and V group transition metal dichalcogenides offer additional 
and distinctly different opportunities. The group IV and group V transition metal 
dichalcogenides are semimetallic or metallic. There have been extensive studies aimed at 
understanding superconductivity, charge density waves, catalyst activity, and 
intercalation phenomena in the bulk group IV and V dichalcogenides.275–277 The 
nanoscale thickness and monolayer properties of the metallic and semimetal compounds 
are less explored because they are typically less stable in normal atmospheric conditions 
than the semiconducting systems. For example, atomically thin NbSe2278 and TaS2279 
have been reported to be unstable under ambient conditions. These stability challenges 
have been overcome by covering the sample with a protective layer280 or by preparing a 
heterostructure containing the dichalcogenide layer of interest sandwiched between 
protective layers that are more stable under normal atmospheric conditions.281,282 
Properties such as superconductivity and charge density waves have been shown to be 
thickness dependent, but as discussed below there are often considerable differences 
between literature reports. 
There is an earlier body of literature that provides important structural data and ideas 
for the current interest in heterostructures containing isolated single nanosheets of layered 
group IV and  V dichalcogenide compounds. Thermodynamically stable heterostructures 
of Ti, Cr and the group V dichalcogenides were prepared starting in the late 1980's by the 
groups of Wiegers,283 Meerschaut,284 Onoda285 and Gotoh286. The properties of these 
compounds provide valuable insights for heterostructures being pursued today. These 
compounds were prepared by a direct reaction of the elements at high temperature, and 
are thermodynamically stable compounds. Single crystals can be grown using vapor 
transport reactions. As an example, combining Pb, Nb and Se and heating the elements to 
~1000°C results in a so called misfit layered compound containing single NbSe2 layers 
separated by a unit cell thick layer of distorted PbSe.287 The fact that this is stable relative 
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to a mixture of PbSe and NbSe2 indicates that the interaction between the layers is strong, 
even though there is not an epitaxial relationship between the constituents. It has been 
suggested that charge transfer between constituents creates a significant electrostatic 
bond between the layers that stabilizes these compounds,288 although there is still 
considerable debate.289 The physical properties change considerably as constituent layers 
are altered, and there are several extensive reviews reflecting significant interest in the 
structure and physical properties of these unusual compounds.15,290 None of these 
compounds have charge density wave transitions, but many of them are superconducting. 
Compounds with atoms containing magnetic moments, such as rare earth atoms, 
displayed  magnetic order.15 In these misfit layered compounds, the structure of each 
layer typically distorts to create one common in plane lattice parameter while the other 
axis is incommensurate.290  
Analogs of the crystalline misfit compounds can be prepared via low temperature 
synthesis routes. Compounds prepared by this route contain a random twist angle 
between layers, which, in the clay literature, is called turbostratic disorder.291 These 
turbostratically disordered polymorphs, called ferecrystals, have been shown to have 
charge density waves, different superconducting properties than their analogous 
crystalline properties, and extraordinarily small thermal conductivities.292 The variation 
of heterostructure properties as a function of constituent pairings and the rotation angle 
between them shows the importance of layer interaction in property determination. By 
extension, the surface on which a heterostructures is placed will also impact property 
measurements. The existence of thermodynamically stable misfit compounds - 
monolayers of dichalcogenides with a fragment of a 3D structure between them - 
suggests that there are many other heterostructures, combinations of 2D layers and 3D 
fragments of structures, that should be, at a minimum, kinetically stable. 
The ability to predict the structures of layers and their potential combinations has 
already resulted in a significant theoretical effort exploring potential constituents, 
combinations of constituents, and their potential properties. The electronic structure and 
band alignment of monolayers of transition metal dichalcogenides in heterostructures has 
been systematically investigated, exploring interfacial charge polarization and 
redistribution.248 Due to both the random twist angles between layers and the different 
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lattice parameters for various constituents, the charge polarization and redistribution both 
deviate from conventional epitaxial semiconducting heterostructures based on tetrahedral 
semiconductors. Researchers have investigated structural and charge density wave phase 
transitions by probing how substrates, charge transfer between constituents, and 
electrostatic gating impact physical properties.293,294 Researchers have begun to explore 
the properties of 2D fragments of 3D structures, for example a unit cell (or two atomic 
planes) of the group IV monochalcogenides, in searching for potential emergent 
properties.295,296 The stability of CuS 2D layers as a function of thickness was recently 
reported.297 The impact of the twist angle between ultrathin layers of Bi2Se3298 and the 
specific arrangement of different cations within a dichalcogenide layer299 on potential 
topological states has been explored, as well. Extending these studies to probe potential 
heterostructures would be useful for experimentalists, and the misfit layer compounds 
provide an opportunity to compare predictions with experimental data. One aspect yet to 
be explored are the energy differences between different 2D slices of a 3D structure.  
Experimentalists have also been exploring both new compounds and composites to 
probe for emergent properties. Research has explored doping known compounds with 
structures that appear to consist of interleaved 2d layers to create emergent properties that 
might be replicated in designed heterostructures. Knowing the distribution of the doping 
atoms between the layers is important for understanding the origin of 
superconductivity222 and is  important in determining the amount of modulation doping 
required to induce superconductivity in a heterostructure. Alemayheu, et al. showed that 
it is possible to prepare heterostructures containing fragments of 3D structures by 
preparing several new VSe2-GeSe2 heterostructures. In this report the thickness of the 
VSe2 block was varied while a monolayer of GeSe2 was maintained.197  
There has been considerable interest in finding a magnetic layer that could be used in 
the construction of heterostructures to probe topological properties and potential devices. 
One approach has been to create an interface between a magnetic insulator and a 2D layer 
to create a strong interfacial exchange field.158 A second approach has been to find 
compounds containing magnetic ordering in layers that have strong bonding in a 2D layer 
separated by van der Waals bonding. The MPX3 family of compounds, where M is Mn, 
Cu, Fe, In, … and X = S, Se, are semiconducting compounds due to strong electron 
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correlation between the layers, but result in magnetic ordering within each layer of 
magnetic ions.226 Ultrathin flakes of non-magnetic members of this same family have 
also been explored as ferroelectrics.300 Heterostructures containing different thicknesses 
of SnSe and PbSe alternating with blocks of MSe2 trilayers (M=V, Nb, Ta) show 
systematic changes to the structure of the SnSe or PbSe block with thickness, and also 
display systematic changes in Hall coefficient and resistivity.112,116,282,301,302 These results, 
while not inclusive of all that has been reported, illustrate the large number of potential 
heterostructures that can be prepared and several different approaches to discover 
emergent properties or optimize them for potential device applications. 
A relatively general phenomenon that has been observed in both metallic monolayers 
and metallic heterostructures is an upturn in the resistivity as the temperature is lowered 
below approximately 30K. This has been observed in NbS2 as the thickness is 
decreased303 and also in a number of heterostructures.201,281,304 In both the pure 
dichalcogenide and the heterostructures, the upturn becomes more pronounced as the 
thickness of the metallic layer is decreased. In the heterostructures, the upturn becomes 
more pronounced as increasing thickness of a semiconducting constituent separates the 
metallic dichalcogenide layer. The upturn in resistivity is not observed in crystalline 
metallic misfit layer compounds with identical composition and sequential layers as 
found in the ferecrystals, suggesting that the upturn is related to the disorder.305 
Charge density wave (CDW) transitions have been extensively explored in both 
heterostructures and as a function of thickness of dichalcogenide layers. This interest 
stems from the fundamental interest in the effect of dimensionality on the CDW165,306–310 
and the potential use of CDW materials in optoelectronic devices311 and quantum 
information processing.312 Controlling the thickness of a dichalcogenide layer or the layer 
sequence and thickness in a heterostructures might potentially enable the CDW transition 
to be tuned to an optimal temperature or enable it to be controlled by an electric 
field.167,313,314 A relatively large spread of reported CDW transition temperatures have 
been reported for nominally the same compound. For instance, an ordering temperature 
above 100K was reported for atomically thin NbSe2,165 while a lower ordering 
temperature CDW order ( 25 K) was reported for a monolayer NbSe2 grown on 
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graphene.315 There are several different reports on how the CDW changes as the number 
of VSe2 layers are reduced.  VSe2 exhibits a CDW transition at 100K in the bulk.316 The 
onset of the CDW in thin layers of VSe2, prepared via liquid exfoliation, is 135 K as 
thickness is reduced to 4-8 trilayers.317 Micromechanically exfoliated nanoflakes have 
lower onset temperatures which decrease to 81K at the lowest thickness.307 Studies of 
[(SnSe)1.15]m(VSe2)n  prepared by annealing designed precursors have shown that 
compounds with a single layer of VSe2 separated by m layers of SnSe are p-type metals 
with a CDW that depends on the thickness of SnSe.302 Increasing the VSe2 layer 
thickness to two or more layers results in low temperature n-type metals and the 
suppression of the pronounced effect in transport properties at the CDW transition 
temperature is similar to bulk VSe2.318 The influence of surface contaminations, the effect 
of different constituents, and/or the substrate on the charge density wave transition are 
only beginning to be explored or discussed in the literature. Encapsulation of the 
dichalcogenide layer of interest has been shown to enhance the CDW order in TiSe2.319 
Similarly, TaS2 layers were encapsulated by covering them with boron nitride.279 VSe2 
layers prepared in situ from designed precursors have shown reproducible CDW 
transition temperatures and systematic changes as the thickness of either the VSe2 block 
or SnSe has been changed.302,318 These results suggest that much of the observed 
variability of results is a consequence of the instability of monolayers of the metallic 
dichalcogenides under ambient conditions. It might be possible to systematically control 
the CDW transition temperature of heterostructures through the choice of constituents 
and/or controlling the position of the Fermi level through modulation doping. 
Given that some of the earliest investigations of ultrathin dichalcogenides by Frindt 
investigated superconductivity as a function of thickness, it is surprising that until 
recently there has been little attention directed in this area. This seems to have changed in 
2016, with several high profile reports of well-defined 2D superconducting states in 
atomically thin NbSe2,320 TaS2321 and doped MoS2322. It is important to note that there 
were earlier reports of superconductivity in atomically thin flakes of NbSe2 prepared by 
mechanical exfoliation which demonstrated that the carrier density in these 2D layers 
could be changed by an electric field. 323 While traditionally carrier concentration is 
altered by chemical doping via atom substitutions, changing carrier density with an 
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electric field minimizes potential complications such as impurity scattering. There have 
been several papers that show enhancement of the effective electron–phonon coupling 
constant, due to the change in phonon modes in monolayers.165,278,315 All studies show a 
decreasing superconducting critical temperature as the thickness of the layers is 
decreased, although the values reported for samples of the same dichalcogenide with 
nominally the same thickness are different.131,165,278,279,305,315,320 The variations may be 
due to different doping levels caused by neighboring layers or substrates, as Alemayheu 
reported a systematic increase in the Hall coefficient of (SnSe)1(NbSe2)n heterostructures 
as n was decreased to 1.324 A similar trend was observed in (PbSe)1(NbSe2)n layered 
structures,305 although the amount of charge transfer was different due to changes in the 
band alignment as SnSe281 was replaced by PbSe.325 Researchers exploring the 
superconducting and structural properties of FeSe layers on a variety of substrates have 
reported similar modulation doping effects.52,132,216,326–333 Adjacent layers or adsorbed 
surface species have begun to be used to investigate the interaction between two 
phenomena, for example superconductivity and ferromagnetism.334 Monolayers are 
particularly sensitive to modulation doping, and phase transitions can be controlled by 
changing the Fermi level of adjacent layers through doping.51 The investigation of 
superconductivity in 2D material is poised to see dramatic growth, as the ability to 
prepare stacks of constituents with different intrinsic properties will enable the interaction 
between phenomena to be investigated systematically.  
The thermal conductivity of monolayer dichalcogenides and the heterostructures built 
from them has intrigued researchers since the first report, in 2007, of ultra-low thermal 
conductivity in heterostructures containing dichalcogenides.335 Subsequent reports have 
reinforced the idea that the ultra-low thermal conductivity in the stacking direction of the 
turbostratically disordered heterostructures results from the random twist angles between 
adjacent dichalcogenide layers and between the various constituent layers.212,336–338 Low 
thermal conductivity of thermodynamically stable misfit layer compounds have been 
correlated with the density of stacking faults between adjacent layers.339 The in-plane 
thermal conductivity of the heterostructures is a factor of 3 to 5 higher in the systems that 
have been measured, with the absolute value probably correlated with the in-plane grain 
size of the constituent layers.340 The thermal conductivity of a monolayer has been 
 39 
calculated to also be anisotropic.341 The ultra-low thermal conductivity of 
heterostructures provides opportunities to control the temporal features of heat pulses, 
which might be useful in designing phase change memory devices. 
The very low thermal conductivity of heterostructures containing dichalcogenides has 
led to heterostructures being investigated as potential thermoelectric materials. Promising 
thermoelectric performance in dichalcogenide based materials have been reported for 
intercalates, due to the lowering of thermal conductivity and the ability to optimize 
carrier concentration.342,343 Low lattice thermal conductivity and promising un-optimized 
power factors have been reported for dichalcogenide monolayers.344,345 The 
thermodynamically stable misfit layered compounds have also been investigated as 
thermoelectric materials, with promising un-optimized figures of merit.346,347 The ability 
to prepare heterostructures of dichalcogenides with desired thicknesses of various 
constituents and targeted layer sequences provides an opportunity to optimize 
performance while gaining a better understanding of interactions and bonding between 
different constituent layers.348 The ability to prepare heterostructures with junctions 
between constituents that have very different properties provides an avenue to increase 
efficiencies349 and  discover novel phenomena. 
Topological phases, including topological insulators and Weyl semimetals have been 
the focus of recent attention, including the 2016 Nobel Prize in Physics to David 
Thouless, Duncan Haldane, and Michael Kosterlitz. Many of the most common materials 
studied for the topological properties consist of strongly bonded layers weakly connected 
by van der Waals bonding. For example, HfTe2, MoTe2 and WTe2 have all been reported 
to be topological Weyl semimetals178,350–353 while bismuth chalcogenides, Bi2Te3, Bi2Se3 
and their alloys, are the prototypic topological insulators.354–367 Both absolute size of the 
particles being investigated368 and chemical doping have been used to produce new 
phenomena.369 From a materials perspective, heterostructures containing very thin 
constituent layers might be useful in reducing contributions from the bulk, enabling 
exotic topological states to be both easier to study and utilize. Heterostructures also 
potentially provide an avenue to prepare materials with different properties adjacent to 
one another,370 for example a ferromagnetic layer adjacent to a superconducting layer, 
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with a defined interface between them. The use of heterostructures to probe topological 
properties is just beginning. 
1.6.  Summary 
The ability to prepare and manipulate monolayers of dichalcogenides and other 2D 
materials as building blocks for heterostructures provides scientific challenges and opens 
new opportunities. Challenges include: 
• Developing approaches to synthesize heterostructures over large areas with control 
of individual constituent layer thicknesses and the sequence of layers. 
• Advancing measurement techniques to characterize the local composition and 
structure of each constituent layer. 
• Developing theoretical approaches to predict band alignments, the extent of charge 
transfer between constituents, structural distortions and properties of 
heterostructures with incommensurate interfaces.  
The new opportunities include: 
• Predicting the structure of an essentially infinite number of new heterostructures, 
enabling theorists to predict the properties of compounds yet to be made. 
• Creating interfaces where atoms are in unusual coordination environments, 
potentially leading to the discovery of more emergent properties. 
• Designing heterostructures that combine multiple technologically desirable 
functionalities in adjacent constituent layers that tend not to co-exist. 
• Using the concept of an energy landscape to develop synthetic routes to the infinite 
number of potential metastable heterostructures. 
Tremendous progress has been made in the past decade developing approaches to 
make monolayers of specific compounds, understanding the origin of emergent properties 
at the monolayer limit, and identifying how properties change as monolayers are placed 
on different substrates. Understanding how incommensurate layers interact, how different 
combinations of constituents lead to emergent properties, and how to utilize new 
properties in devices are likely to dominate this field of research in the coming decade. 
The potential outcome of these efforts will be materials by design, with constituents and 
nanoarchitecture of heterostructures optimized for predicted emergent properties and the 
desired function of the total material in a specific device. 
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1.7. Overview of Dissertation 
There is an immense body of literature that has attested to the promise of group 
VI TMDs in next generation semiconductor and nanoelectronic devices. This dissertation 
is aimed at expanding an understanding how nanoarchitecture—mainly rotational (i.e. 
“turbostratic”) disorder and heterostructuring—affects structure, thermal transport, and 
electronics of MoSe2- containing thin film systems. Chapters 2 and 3 outline 
experimental methods and characterization theory for the preparation of large area 
nanolaminate thin film. Chapter 2 largely focuses on x-ray scattering techniques that 
provide insight into structural features. Chapter 3 was published in 2018 as a 
collaborative effort of all current members of the David Johnson lab—Danielle M. 
Hamann (primary author), Dylan Bardgett, Dmitri Leo Cordova, Liese A. Maynard, 
Alexander C. Lygo, Suzannah R. Wood, Marco Esters, and David C. Johnson. The study 
recasts the use of x-ray fluorescence (XRF) spectroscopy for thin film systems with 
sensitivity to sub-monolayer thicknesses. Notably, this study shows how XRF may be 
used to determine the number of atoms of a given element per unit area, rather than 
simply a relative composition. My primary contribution to this work was to prepare a 
series of thin films with rigorously defined structures and known compositions that could 
be used as standards for the calibration procedure outlined in the paper.  
Chapters 4-6 each consist of experiments that have been written for independent 
publication in the near future and of which I am the primary author. Chapter 4—written 
with Hyejin Jang, Niklas Wolff, Robert Fischer, Gavin Mitchson, Alexander C. Lygo, 
Lorenz Kienle, David G. Cahill, and David C. Johnson—demonstrates how rotational 
disordered in MoSe2 films has tremendous implications for lowering cross-plane thermal 
conductivity in an otherwise well-defined crystalline system with precise layering 
schemes. For the first time, this rotational disorder has been probed by local-level plan 
view nanobeam electron diffraction in which the electron beam is aligned to the axis of 
crystallite rotation. Chapter 5—written with Hyejin Jang, Gavin Mitchson, David G. 
Cahill, and David C. Johnson—extends this study to the MoSe2/SnSe2 heterostructure in 
which the two interleaved structures possess a significant lattice mismatch. Effectively, 
this serves to further decrease structural registry between layers and depress cross-plane 
thermal conductivity to record breaking low values. Chapter 6—written with Fabian 
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Göhler, Gavin Mitchson, Thomas Seyller, and David C. Johnson—shows the synthesis 
and structural characterization of a novel intergrowth of BiSe and MoSe2. Notably, it 
shows how the BiSe sublattice may be used to donate electrons into MoSe2 layers to 
change the coordination of the Mo metal center from the semiconducting trigonal 
prismatic (2H) arrangement to the metallic octahedral (1T) arrangement. 
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Chapter II: 
EXPERIMENTAL THEORY AND CHARACTERIZATION 
 
2.0. Authorship Statement 
 I am the primary author of this chapter, and I consulted with my advisor, David C. 
Johnson, regarding the content related to diffraction. 
 
2.1. Modulated Elemental Reactants Theory 
Early solid-state synthesis techniques commonly rely on the interdiffusion of 
constituent materials to form a gradient of compositions across the diffusion region. 
Achieving mobile species in the solid phase requires high temperatures that routinely 
exceed 1000 °C. Where the composition matches that of a stable phase, nucleation 
occurs, and the new phase grows. However, a primary limitation of these early techniques 
is that the high temperatures limit the accessible end compounds to thermodynamically 
stable phases. In turn, these synthetic routes are generally limited in their ability to access 
metastable compounds. 
Films investigated in this thesis were synthesized using the modulated elemental 
reactants (MER) technique.1,2 Unlike high temperature syntheses discussed above, which 
depend on long-range diffusion, MER is a low temperature technique. In short, rather 
than starting with monoliths which must interdiffuse and nucleate new phases in one step, 
MER is a two-step synthesis that begins with the preparation of a layered elemental 
precursor. This precursor is designed to possess a local composition which closely 
matches that of the target compound. Effectively, this local composition matching 
eliminates the need for long-range diffusion, changing compound formation from a 
diffusion-limited process to a nucleation-limited process.3 In turn, new families of 
metastable products are accessible.4 
Preparing the precursor is accomplished by MER synthesis, which is a physical 
vapor deposition (PVD) technique. Elemental source materials are heated using effusion 
cells and electron beam evaporators to create plumes of vapor phase metal species. 
Adjusting the power applied to the heating elements controls the flux toward the substrate 
(i.e. “deposition rate”), which is located on a carousel behind a pneumatically controlled 
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shutter. The deposition rate for each source material is monitored by quartz crystal 
microbalances (QCMs), which are piezoelectric devices. By opening the shutter, the 
substrate is exposed to the plume of source material. After a calibration procedure for 
both the deposition rate and the shutter delays, elemental layers can be deposited with 
atomic-level thicknesses. Since the substrate is on a carousel, it can rotate from one 
elemental source to another in sequence, and we can sequentially build up layered 
elemental precursors with designed layering schemes and thicknesses to target an 
immensely wide array of compounds. 
Following deposition, the precursor is thermally treated—according to the results 
of an annealing study—to induce the self assembly of the target structure. 
 
2.2. Synthesis of Modulated Elemental Precursors and Description of Deposition 
Chamber 
 The designed elemental precursors are prepared in a custom-designed vacuum 
chamber shown in Figure 2.1.5,6 which operates at a pressure of ~1 × 10-6 Torr. This 
pressure is achieved by a three-phase vacuum evacuation sequence: 1.) rough pump, 2.) 
turbomolecular pump, and 3.) croygenic pump. The cryogenic pump is the only pump 
that operates during deposition. The chamber consists of three 3-kW electron beam guns 
from Thermionics—used to deposit metal source materials (pertinent to this thesis: 
molybdenum, tin, and bismuth)—and one effusion cell which is used to deposit selenium. 
These source materials are purchased commercially and are all in excess of 99.99% 
purity. As power is applied to the heating elements, the Sn, Bi, and Se sources melt first 
due to their relatively low melting points, and then as power is further increased, they 
vaporize into a conical plume. Molybdenum, a refractory metal, does not melt at the 
operating pressure in the chamber. Instead, a piece cut from a molybdenum rod is arc 
melted both to outgas the source and create a smooth surface. Since atoms volatilize 
normal to the surface, this smooth surface ensures even deposition across the substrate. 
Additionally, the electron beam is rastered across the molybdenum surface so as to avoid 
boring a hole, which would narrow the shape of the molybdenum plume and change the 
flux of atoms incident on a particular region of the substrate throughout the course of the 
deposition. Piezoelectric transducers, such as QCMs, work by detecting changes to 
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resonant frequencies as material is deposited onto the QCM. This frequency will change 
as a function of added mass, and by inputting the surface area of the QCM and the 
density of the deposited material, the QCMs are able to monitor deposited thickness. 
 
Figure 2.1. Schematic of the deposition chamber utilized to prepare modulated elemental 
thin film precursors. The chamber contains 3 electron beam evaporators and 1 effusion 
cell used to evaporate selenium. There are two additional ports for effusion cells that are 
currently unused. 
 
 The deposition sequence is coordinated by a LabVIEW software program, which 
has been written specific to the components of this deposition chamber. Users are able to 
program the elemental layering sequences, the deposited thicknesses within each layer, 
and the desired number of repeat units in the stack. 
 
2.3 Structure at Multiple Length Scales 
MER synthesis enables the formation of thin films (generally t < 50 nm) that 
extend over a surface area in excess of 1 in2. Accordingly, structural analysis on vastly 
different length scales is necessary in order to fully characterize the film. Whereas 
transmission electron microscope techniques are able to provide both real and reciprocal 
space data pertaining to stacking orders, atomic arrangements, rotational alignment, etc, 
the data is at the atomic scale and cannot be treated as representative of the entire sample 
volume. In contrast, large area (“global”) x-ray scattering techniques lose granular level 
details, but provide information about average structures over the entire probed area. 
Where the analysis at both length scales leads to a consistent interpretation, a coherent 
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structure extends across the sample. However, when the local level data leads to a 
different analysis, these data are likely showing a defect or other structural anomaly.  
A variety of structural features were analyzed by a suite of both in-house and 
synchrotron-based x-ray scattering techniques. Information regarding microscopy 
techniques can be found in Jeffrey Ditto’s and Gavin Mitchson’s thesis work.7,8 
 
2.4 X-ray Scattering Structural Analysis 
2.4.1 Diffraction Analysis for Polycrystalline Nanolaminate Thin Films from MER 
Bragg diffraction is used to characterize the repeating, crystalline features of the 
nanolaminate thin films. A simple diffraction setup is shown in Figure 2.2. When 
refracted intensity is incident on an atomic center, that atom’s electron density will 
attenuate and scatter the x-rays. X-rays that penetrate farther into the sample prior to 
being diffracted have an additional path length that they must travel before they leave the 
film. If that incremental path length is equal to an integer number of wavelengths, the two 
waves will constructively interfere and register intensity at the detector. The d-spacing, 
 
Figure 2.2. Schematic of a specular diffraction geometry, where the incident and 
diffracted x-rays are at the same angle relative to the substrate. The incident x-ray beam 
is shown on the left, and the diffracted x-rays are shown on the right. 
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the angle between the incident radiation and the top surface of the film ("), and 
wavelength of the monochromatic beam are all related by the Bragg equation (Equation 
2.1), where n is an integer value equal to the order of a particular reflection. 
     #$ = 2'()#"              (Equation 2.1) 
The diffraction experiments described in this thesis are somewhat different than a 
conventional powder diffraction experiment. Powder diffraction assumes a 
polycrystalline material with a semi-infinite number of crystallites with perfectly 
randomized orientations in three dimensions. All allowable reflections will be observed 
according to the symmetry of the unit cell. Conversely, the samples from this thesis are 
characterized by extreme preferred orientation along z, in that the crystallites are all 
oriented parallel to the substrate. This difference is depicted in Figure 2.3. As a result, 
specular diffraction—in which " and 2" are coupled and aligned to the substrate—only 
 
Figure 2.3. This figure shows the difference between (a) a “powder” sample, in which 
crystallites are perfectly disordered from one another, and (b) a sample in which the 
crystallites have preferred orientation. The orientation is said to be preferred in that all 
crystallite nanosheets are parallel to the substrate, but do not necessarily have the same 
rotational ordering along z (crystallites with different rotational angles are shown by the 
varying colors and arrows).  
 
gives information pertaining to the out-of-plane structure, and only 00l reflections will be 
observed. The in-plane structure must be probed separately using a different scanning 
geometry—grazing incidence in-plane diffraction. This scan will show hk0 maxima with 
independent families of reflections observed for each constituent sublattice. Additionally, 
films studied in subsequent chapters of this dissertation were all found to possess a 
random orientation of crystallites in the xy plane. 
Mixed hkl reflections are only observed by reciprocal space mapping (RSM), and 
show streaking along l due to the rotational disorder of crystallites in the xy plane.9 
However, a RSM is not sufficient to fully characterize this rotational disorder. Consider, 
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for instance, the two scenarios illustrated in Figure 2.4. In both scenarios, there are an 
equal number of crystallites with a given orientation. They differ in whether the 
misaligned crystallites are situated laterally from one another (a) or vertically from one 
another (b). Both scenarios would show the same information in a RSM. In order to 
determine which is the correct interpretation for a given sample, local level 
characterization (i.e. TEM data) is needed. Cross-section HAADF-STEM can show 
atomic columns when those columns are aligned to the electron beam, and for 
rotationally aligned crystallites along z, the same arrangements of atoms across layers 
will be observed. Nanobeam electron diffraction (NBED) is a plan view technique that 
can probe rotational alignment through thin multilayers. For more information on NBED, 
refer to chapter 4. 
 
Figure 2.4. Two scenarios showing variation in the rotational alignment of crystallites. In 
scenario (a), vertically adjacent crystallites possess the same rotational alignment while 
laterally adjacent crystallites are rotationally disordered. In scenario (b), vertically 
adjacent crystallites are rotationally disordered while laterally adjacent crystallites 
possess the same rotational alignment. 
 
X-ray diffraction occurs in reciprocal space, and so the observed diffraction 
pattern is the Fourier transform of the electron density modulation with respect to 
geometry of the scan. The periodic modulation can be described using a summation of 
sine and cosine functions (i.e. “Fourier Series”). And, the integrated area of a particular 
diffraction peak gives the relative contribution of that Fourier term necessary to describe 
the modulation. For example, consider the specular patterns shown below of the as-
deposited film (Figure 2.5a) and the self-assembled (Figure 2.5b) MoSe2 nanolaminate. 
Modulated precursors are not truly amorphous in that the sequential deposition scheme 
does create elemental layering. However, the sample is also not completely crystalline 
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and does not possess atomically sharp interfaces. The electron density profile of the 
modulated precursor can almost entirely be described using a simple sine wave functional 
form, which only requires the contribution of the first Fourier term. In Figure 2.5a, the 
maximum identified by the # (and dashed line drawn through the center of the peak) 
corresponds to a greater d-spacing than the other observed maxima in the pattern. It is 
related to the modulated precursor, and no other maxima in the scan can be indexed to the 
same d-spacing. Additional peaks are observed that can all be indexed as the 00l family 
of reflections for published structures of MoSe2, indicating that some MoSe2 has 
a.)  
b.)  
Figure 2.5. The top specular diffraction pattern of the as-deposited film shows intensity 
from the modulated, elemental precursor (#). The center of this peak has been identified 
with a dashed line. The remaining maxima—including the (001) reflection identified by 
the vertical solid line—can all be indexed to the MoSe2 structure. 
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nucleated upon deposition. However, the integrated area underneath these reflections is 
quite small, indicating a very limited amount of MoSe2 formation. For the MoSe2 
reflections in Figure 2.5a, the first reflection is, by multiple orders of magnitude, the most 
intense, and the intensities of the other terms barely rise above the level of the noise in 
the scan. This indicates that the self-assembled structure is not yet precisely ordered and 
requires further thermal treatment. 
Conversely, the atomically sharp interfaces of the self-assembled product (Figure 
2.5b) are more adequately described by a square well functional form, and several 
Fourier terms—sine/cosine functions—must be summed to approximate a square well. 
Hence, the intensities and integrated areas of the (002), (003), and (004) reflections are 
all significantly greater. 
 
2.4.2 X-Ray Reflectivity Analysis and Finite Crystal Effects for Nanolaminate Thin Films 
X-ray reflectivity (XRR) is a low-angle specular scattering technique that gives 
information regarding the density, thickness (t), and “smoothness” (∆+) of a thin film—
among some other information that is not pertinent to this thesis. XRR analysis requires a 
precisely aligned sample in a "/2"	scanning geometry. An example of a XRR pattern of 
 
Figure 2.6. Sample low-angle specular scan of a 24-layer MoSe2 film. The intensity 
spike at 13.5° is due to the coherent Bragg diffraction of the 24 layers. The lower 
amplitude oscillations are “Kiessig fringes” from reflectivity. 
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a 24-layer MoSe2 film is shown in Figure 2.6. At very low angles, when an x-ray beam is 
incident on a planar thin film sample, all x-rays scatter (“reflect”) off the air-film (i.e. 
“top”) interface. However, at the “critical angle”,	"., which varies directly with density, 
x-rays intensity begins to refract into the film. The fraction of reflected and refracted 
intensity as a function of " is described by the Fresnel equations, which state that at lower 
angles, a higher fraction of incident light is reflected off the top interface. Refracted 
intensity will subsequently scatter off the film-substrate (“bottom”) interface. The 
observed pattern at the detector is, therefore, the interference pattern of intensity off the 
top and bottom interfaces of the film. This process is illustrated in Figure 2.7. 
The observed intensity will gradually oscillate between constructive and 
destructive interference as a function of angle ("/) and thickness (t), giving rise to a set of 
set of subsidiary maxima and minima.10 The frequency of these “Kiessig fringes” is 
directly related to film thickness. The amplitude of the fringes is determined by the 
density differential between the substrate and the film. Using the critical angle, fringe 
index (n), and the angle of a subsidiary maximum, a d-spacing (i.e. film thickness”) may 
be calculated at each particular fringe by a modified form of the Bragg equation given in 
Equation 2.XX, which accounts for the shift due to the critical angle. In theory, for a film 
containing only a precise number of well-defined, uniform layers across the entire probed 
 
Figure 2.7. Schematic of a diffractometer setup for an x-ray reflectivity (XRR) 
experiment. As can be seen in the image, intensity results from interference off the top 
and bottom interfaces of the film. 
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volume, the thicknesses calculated from each fringe should be the same. However, 
aberrations to the structure can shift the position of these maxima by different amounts. 
By fitting a linear regression to a plot of sin3θ versus the square of the fringe index (n2), 
the thickness of the film can be obtained using all the fringes simultaneously, yielding a 
statistical approximation for film thickness. As can be seen in Equation 2.2, the slope of 
the linear regression is equal to 1/d2, where d is the thickness of the film.11 
 





+ ()#3".           (Equation 2.2) 
Because reflected intensity diminishes with increasing angle, the lowest angle 
regions of the pattern are most sensitive to global thickness. The higher angle regions 
become increasingly sensitive to diffraction phenomena from finite size crystal effects in 
the internal structure. For example, consider a MoSe2 film consisting of 24 perfectly 
parallel, stacked layers (Figure 2.7). When all 24 layers diffract in phase, the complete 
constructive interference results in a large spike in intensity (i.e. “Bragg peak”). 
However, between Bragg reflections, the diffracted x-rays from each of the 24 layers will 
also go through periodic incomplete constructive and destructive interference. These are 
referred to as “Laue Oscillations”, and they can be observed to much higher angles than 
Kiessig fringes. For a film with n discrete layers, there are n-1 ways to find subsidiary 
minima between Bragg peaks. This effect is only observed thin crystals with a modest 
number of unit cells. As the number of unit cells increases in the stack, the Laue 
oscillations will get closer and closer to one another, and at t > ~100 nm, it is generally 
no longer possible to resolve them—depending on the instrumental broadening of the 
diffractometer. For monoliths, only noise is observed between Bragg reflections. 
Accordingly, in a specular scan, it is important to bear in mind that the observed pattern 
is the summation of these Kiessig fringes, Laue oscillations, and diffraction maxima. 
The three effects can all be observed in the traces found in Figure 2.8. The 
position of the (001) Bragg reflection corresponds to a c-lattice parameter of 6.53 Å. For 
a perfect 24-layer film, like the one shown in the yellow trace, the thickness calculated 
from each subsidiary maximum is equal to c times the 24 layers in the stack. The fringes 
at the lowest angle give a thickness greater than the true thickness of the film, as they are 
convoluted by the critical angle. However, in this pristine pattern, the thicknesses 
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calculated from each subsidiary maximum are all quite similar and decrease 
monotonically (to within the error). In this case, the Kiessig fringes and Laue oscillations 
are describing exactly the same 24-layer structure, and one coherent scattering pattern is 
observed. 
Conversely, the blue trace below—self assembled from a 24 repeat unit precursor 
where each layer contained ~5% atomic deficiency—shows two distinct groupings of 
maxima at different angle regimes. The Bragg reflection still corresponds to the same 
6.53 Å c-lattice parameter. In this pattern, the Laue oscillations—sensitive to the 
crystalline regions of the film—predominate at higher angles and give d-spacings that are 
approximately equal to c times 23 layers (~151 Å). However, the Kiessig fringes—
sensitive to global film thickness—predominate at lower angles and show that on average 
the film is ~147 Å. The balance between reflectivity effects (Kiessig fringes) and 
diffraction effects (Laue oscillations) shifts at 2" ≈ 9°, which is where the breakdown in 
the pattern is observed as the two regions are describing subtly different structures. 
 
Figure 2.8. Low angle specular scans from two films. In the top scan (yellow) of a 
pristine 24-layer film, the reflectivity and diffraction effects result from exactly 24 
coherently stacked layers. The lower scan (blue) is deficient in Mo and Se, so the 
competition between the reflectivity and diffraction contributions can be easily seen. 
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The overlapping reflectivity and diffraction effects can also be seen and easily 
compared in Figure 2.9. The top (yellow) trace is a diffraction pattern gathered in a 
perfectly specular geometry. And the observed intensity is a summation of reflected and 
diffracted intensity—Kiessig fringes and Laue oscillations. The two traces below (red and 
blue) are off specular diffraction patterns taken at different offset angles and only contain 
information related to diffraction. The specular trace has a background level that decays 
from 5°-10° due to the fact that, per the Fresnel equations, reflected intensity drops off 
with increasing angle. The background angle then builds again as diffracted intensity 
becomes more significant. In contrast, the red and blue traces have different background 
levels (yet similar to one another) because the reflectivity intensity has been removed. To 
help compare the three traces, vertical lines have been drawn at arbitrary minima. 
Notably, the positions of these minima all line up perfectly at both low and high angles. 
This indicates that the total thickness is related only to precisely crystalline layers and 
does not include any noncrystalline regions at the bottom, middle, or top of the film that 
would add thickness beyond simple product of c and the number of MoSe2 trilayers in the 
stack. 
 
Figure 2.9. Stacked comparison of a specular (yellow) and two off-specular (red and 
blue) low-angle patterns. By offsetting the " and 2" angles, it is possible to deconvolute 
the reflectivity and diffraction intensity. 
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For perfectly parallel top and bottom interfaces, Kiessig fringes will be observed 
until reflected intensity drops below noise in the scan or the detection limit of the 
instrument. However, as the two interfaces deviate from a parallel geometry, coherent 
scattering and interference patterns will break down at lower and lower 2". This 
deviation is sometimes referred to as “roughness”, however this is not the same as 
topographic RMS roughness given by surface probe such as atomic force microscopy. 
Instead, roughness given by XRR data is better understood as the variability in the 
thickness (∆+) of the planar regions of the film. It is insensitive to any granular, non-
planar surface aberrations. Roughness varies inversely with the highest angle 2" to which 
Kiessig fringes are resolved in the pattern ("6,>?@), per the Parratt relationship shown in 
Equation 2.3.12 
     ∆+ = 5
A BC,DEFGBH
           (Equation 2.3)  
 
2.4.3 Considerations for Off-Specular Diffraction and Rietveld Analysis 
 The out-of-plane structure can be refined by Rietveld analysis from the 00l family 
of reflections, which gives the position of atomic planes within the unit cell. The 
refinement is done using the FullProf software package. However, FullProf is not 
designed to accommodate the particularities of the samples discussed in this 
dissertation—namely, the total preferred orientation and added diffraction effects due to 
the thin dimensions. Working around the first problem can be addressed by simply 
putting very small “dummy” in-plane lattice parameters into the software, effectively 
pushing those reflections out of the range of the scan. However, the reflectivity 
contribution and finite size crystal effects must be removed from the scan entirely. This 
can be accomplished by collecting an off-specular diffraction pattern, where " and 2" are 
slightly offset from one another (say, 2" = 10° and " = 4.7°). 
 For most ferecrystalline samples, this offset will eliminate the subsidiary maxima 
and minima between Bragg reflections, and the structure can be refined. However, for 
some samples with exceedingly planar interfaces, the Laue oscillations may persist as 
they are a diffraction phenomenon and not related to reflectivity. Figure 2.10 shows an 
off-specular scan at an offset angle of 0.3°, enough to remove the reflectivity effects. 
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However, as can be seen, the diffraction contribution to these oscillations are still 
observed. Unfortunately, with this effect still present in the scan, the pattern cannot be 
refined. 
 
Figure 2.10. The off-specular diffraction pattern of the out-of-plane structure (offset 
angle 0.3°) shows Laue oscillations on either side of the (001) Bragg reflection. 
 
2.4.4 Le Bail Fitting and Rietveld Structural Refinement 
Structural refinement ought to begin by completing a Le Bail fit. The benefit of 
using Le Bail fitting instead of calculating lattice parameters from each peak using the 
Bragg equation is that it fits an entire family of reflections within a space group together, 
simultaneously. This is particularly useful for deconvoluting overlapping maxima—say, 
in a refinement of the in-plane structure of a multiphase intergrowth. While Le Bail 
fitting allows for better statistics in identifying peak centers and lattice parameters, it is 
important to bear in mind that it does not fit intensity ratios. Hence, it cannot be used for 
quantitative phase analysis. 
FullProf works by creating a model pattern for the structure and then fitting that 
model to the experimental data using a least squares algorithm.13 Completing a Le Bail fit 
prior to the Rietveld refinement makes it possible to fix lattice parameters, which reduces 
the number of adjustable parameters. This is beneficial because models can quickly 
become unstable due to the limited number of reflections. Minimizing the number of 
variables, particular at the beginning of the refinement, lends stability. 
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CHAPTER III: 
SUB-MONOLAYER ACCURACY IN DETERMINING THE NUMBER OF 
ATOMS PER UNIT AREA IN ULTRATHIN FILMS USING X-RAY 
FLUORESENCE 
3.0. Authorship Statement 
The work in this chapter has been published in the American Chemical Society 
journal Chemistry of Materials in 2018. The article has been coauthored with Danielle M. 
Hamann (primary author), Dylan Bardgett, Dmitri Leo Cordova, Liese A. Maynard, 
Alexander C. Lygo, Suzannah R. Wood, Marco Esters, and David C. Johnson. My 
primary contribution to the project was to prepare samples with rigorously defined 
structures (and corresponding figures for structural characterization) and precise 
compositions. These samples were used as standards in the calibration procedure we 
demonstrate in the paper. 
3.1. Abstract 
The composition and thickness of thin films determines their physical properties, 
making the ability to measure the number of atoms of different elements in films, both 
technologically and scientifically important. For thin films, below a certain thickness, the 
X-ray fluorescence intensity of an element is proportional to the number of atoms. 
Converting this intensity to the number of atoms per unit area is challenging due to 
experimental geometries and other correction factors. Hence, the ratio of intensities is 
more commonly used to determine the composition in terms of element ratios using 
standards or a model. Here, the number of atoms per unit area was determined using X-
ray structure information for over 20 different crystallographically aligned samples with 
integral unit cell thicknesses. The proportionality constant between intensity and the 
number of atoms per unit area was determined from linear fits of the background 
subtracted XRF intensity plotted versus the calculated number of atoms per unit area for 
each element. The results demonstrate that XRF is very sensitive, capable of measuring 
changes in the number of atoms of less than 1 % of a monolayer for some elements in a 
variety of sample matrices. Using the calibrated values, an 8-unit cell thick MoSe2 was 
grown and characterized, demonstrating the usefulness of being able to quantify the 




The discovery that isolated two-dimensional layers have extraordinary properties 
that are not found in their bulk counterparts has resulted in intense experimental and 
theoretical interest in these materials.1–12 A distinct challenge towards the future use of 
these materials in new technologies is developing techniques to grow single layers of 
various 2D solids over large areas. While a variety of techniques have been explored to 
prepare monolayers, chemical vapor deposition involving a volatile metal source has 
become increasingly popular.13–26 Typically, "about a monolayer" of a metal is deposited 
on a surface and treated at high temperatures with a second reagent to form domains of 
the desired monolayer on substrates.27–29 Since the deposited metal species is typically 
not volatile once the precursor has reacted on the surface, time is the parameter tuned to 
get close to monolayer coverage. This type of monolayer synthesis creates an analytical 
need to be able to quickly measure fractional monolayer amounts of elements on a 
substrate, ideally without significant sample preparation. 
More generally, measuring the number of atoms per unit area of each element in a 
thin film is a challenging analytical problem and critically important in many situations. 
Physical properties depend on both composition and thickness of constituent layers in 
devices, and the properties of compound films are a sensitive function of composition. A 
variety of approaches have been used to determine composition, including Rutherford 
backscattering, electron probe microanalysis, particle-induced X-ray emission, X-ray 
photoelectron spectroscopy, time of flight secondary ion mass spectrometry, and a variety 
of electron microscopy techniques.27–30  Most of these techniques involve expensive 
instrumentation and several also require significant sample preparation. Sensitivity and 
converting the signal to the number of atoms of each element per unit area can also be 
very challenging, particularly if the signal is sensitive to the matrix. Typically, only a 
composition ratio is determined, as taking the ratio of two different elements eliminates 
several difficult to determine proportionality factors that depend on geometry, other 
instrument dependent factors, and the sample itself. 
X-ray fluorescence (XRF) is a metrology method that can determine both 
composition and thickness of thin films and has several advantages. While it requires the 
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use of standards to obtain instrument parameters and absorption corrections need to be 
made (via standards with similar matrices or modeling), it is quick and precise. Early 
work on the XRF analysis of thin films focused on using a variety of different methods to 
correct for absorption effects in the thin film geometry.31,32 This lead to the development 
of XRF as a tool to characterize relatively simple multilayer films in the advance of 
materials for a variety of applications, including memory devices and optical 
recording.33,34 More recent reports have shown that XRF is also a useful approach to 
characterize patterned thin films, with intensity differences before and after patterning 
proportional to the amount of material removed during the patterning process.35 While a 
significant challenge has been to accurately correct the XRF data for absorption effects, 
there is at least one report where XRF using wavelength-dispersive X-ray detection was 
used to examine films that are thin enough that absorption can be ignored.36 This study 
showed that a resolvable composition difference of 0.025 atomic percent could be 
obtained with relatively short counting times in a series of chalcopyrite solar cells. 
In this paper, we present data showing that XRF intensity is proportional to the 
number of atoms per unit area in ultrathin films and the intensity is relatively insensitive 
to the matrix. The number of atoms per unit area for a subset of exceptionally smooth 
films was calculated using data from a combination of x-ray reflectivity, specular 
diffraction, and in-plane diffraction scans. Calculating the proportionality constant 
between XRF intensity and the number of atoms per unit area simply requires division of 
the measured XRF intensity by the calculated number of atoms per unit area. The 
proportionality constant in over 20 samples with a range of thicknesses is consistent for 
the elements examined, indicating this is a valid approach. Once the proportionality 
constant is known for an element, preparing films of known compounds with defined 
atomic ratios between the previously studied element and other elements enables the 
determination of the proportionality constant for previously unstudied elements without 
the need for exceptionally smooth films. The consistency of results for films containing a 
wide range of different matrix constituents makes this a simple, relatively inexpensive, 
nondestructive, and fast method to measure the number of atoms in an ultrathin film. This 
study demonstrates that XRF is capable of detecting changes in the amounts of an 
element equivalent to a fraction of a monolayer for all elements examined, and less than 
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1% of a monolayer for some elements. For films with thicknesses around a monolayer, 
the XRF intensity of the substrate before the film is deposited needs to be subtracted from 
the total signal of the film plus substrate to achieve this accuracy. 
 
3.3. Experimental 
Precursors were synthesized in a high-vacuum physical vapor deposition system, 
with depositions occurring at pressures below 5 × 10-7 Torr. Metals were deposited using 
electron beam guns, and selenium was deposited using an effusion cell.  A computer 
controlled pneumatic shutter system was used to control the sequence and thickness of 
the elemental layers.37,38 The rate of deposition and the thickness of each of the elemental 
layers deposited were measured and controlled using quartz crystal microbalances, with 
rates maintained at 0.1 - 0.3 Å/s at the substrate. 
X-ray fluorescence data was collected using a Rigaku ZSX Primus II wavelength 
dispersive X-ray fluorescence spectrometer with a rhodium X-ray source. This instrument 
measures intensities of characteristic X-ray emission lines as a function of crystal angle. 
Samples were loaded onto a small metal puck with either a 30 mm, 20 mm, or 10 mm 
diameter masking-frame.  Incident X-rays were passed through either a 10 mm or 20 mm 
diaphragm before contacting the spinning sample in a vacuum. Fluoresced X-rays were 
reflected off selected crystals into a detector. Intensity was measured by integrating the 
area under the entire peak measured in intensity as a function of two-theta using 
MATLAB’s cubic smoothing spline function (csaps) with the smoothing parameter set to 
zero smoothing (function value 1). The two-theta limits of integration were held constant. 
Data were also collected for substrates without any deposited film, referred to as blanks. 
The intensity data measured for the blanks was treated in the same manner as the 
deposited samples. The resulting integrated counts were subtracted from the integrated 
intensity of the coated substrates to correct for the background signal and any signal from 
the substrate itself. 
X-ray diffraction (XRD) was used to characterize the structure of the samples that 
were subsequently analyzed by XRF. Low angle and specular XRD scans were collected 
using a Bruker d8-discover diffractometer. Grazing incidence in-plane XRD scans were 
collected on a Rigaku Smartlab diffractometer. All diffraction patterns were collected 
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with Cu Kα radiation. 
 
3.4. Results and Discussion 
The intensity of the XRF signal Iij for a particular element i of interest in a film 
with a characteristic line j at wavelength λij is given by:36,39 
Iij = { Kj(λs) Ci / µT(λij) } { 1 – exp [ -µT(λij)ρd ] }     (Equation 3.1) 
In Equation 3.1, Ci is the mass fraction of element i in the film, ρ is the average film 
density, d is the film thickness, and µT(λij) is the total mass absorption coefficient at λij. 
Kj(λs) is a product of many constants, including a constant representing the spectrometer 
geometry, the intensity of the excitation X-ray source, and the excitation probability for 
the characteristic line j under the spectrum of intensities of the excitation source. If the 
thickness of the analyzed film is thin enough, µT(λij)ρd becomes small, and for films 
within this thickness regime (defined in more detail later), the exponential can be 
expanded as a power series. If only the leading terms are kept, Equation 1 simplifies to: 
          Iij = Ci Kj(λs) ρd                           (Equation 3.2) 
For such thin films the intensity of the XRF signal is thus expected to be directly 
proportional to the product of Ci, ρ, and d, which is the number of atoms of element i in 
the area of the film probed. The deviation between equation 1 and Equation 3.2 as a 
function of film thickness for a representative film is shown in Figure A.1 in the 
supporting information. 
To test the applicability of this approximation, a series of films with thicknesses 
below 120 nm containing a variety of elements with different elemental ratios were 
prepared using physical vapor deposition. Quartz crystal microbalances were used to 
measure the amount of material deposited onto the silicon substrates. Figure 3.1a and 
Figure 3.1b and Figure A.2 in the supplemental information each contain a graph of the 
background corrected intensity of the XRF signal as a function of the thickness of each 
element deposited. The intensity data for each element was found to be proportional to 
the amount of the element in the film. The linear relationship between intensity and 
amount of material indicates that the absorption of both the incident and fluorescence X-
rays are negligible in these films. The greater the slope of the line, the more sensitivity 
there is to small changes in the amount of the element in the film. Table 3.1 summarizes 
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the slopes and associated errors as well as the X-ray absorption line used for all of 
elements that were studied. Figure A.3 in the supporting information explains how each 
line was chosen for each element in question. 
The spread of the data points about the linear relationship in Figure 3.1 results 
from several potential sources, including the limits of the reproducibility of the 
deposition process itself (for example the shape of the deposition plumes), limits to 
resolution of the quartz crystal monitors, and limits to the reproducibility of the XRF 
measurements. To assess the reproducibility of the XRF measurements, the XRF 
intensity of the same sample was measured repeatedly over a time period of 6 months, 
using a variety of sample masks of nominally the same size that define the sample size 
analyzed. The intensities for most elements studied were constant to less than a third of a 
percent. This suggests that the majority of the deviation in the plotted intensity versus 
amount deposited plots is due to errors in the amount of material deposited from either 
the crystal monitors or the deposition process itself.  
The sensitivity of the XRF intensity to the amount of material deposited makes it 
a valuable tool to improve deposition reproducibility. For example, the amount of Se 
deposited on a sample was found to systematically increase with time when high melting 
point metals were evaporated in the same deposition even though the thicknesses 
deposited onto the quartz crystal microbalance was kept constant. The excess Se resulted 
from Se evaporating from chamber walls as they were heated by infrared radiation from 
the electron beam deposition. The sensitivity of the XRF data combined with tracking the 
data as a function of time and experimental conditions is a powerful tool to improve 
deposition processes. 
The approximation that μT(λi)ρd  is small neglects absorption corrections to the 
measured fluorescence intensity. When μT(λi)ρd = 0.1, the difference between the 
intensities calculated with and without absorption corrections yields an error of ~5%. 
Absorption corrections become more important as the energy of the x-ray fluorescence 
line decreases as show in Figures A.4 - A.6 in the supporting information.40,41 Table 3.1 
contains estimates of the thickness where the error in neglecting absorption becomes 5%, 




Figure 3.1. The change in the XRF intensity as a function of the thickness of material 
deposited as measured by quartz crystal monitors for a variety of different elements (shown 
with different colors and symbols). The error in the amount of material deposited for each 
element is shown for a single data point and when error bars are absent the error is the size 
of the marker. The lines are fits assuming that the XRF intensity is directly proportional to 
the amount of material deposited. Slopes for each line can be found in Table 3.1. 
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Element Line Used Slope 
Maximum Film 
Thickness (nm) 
Ag Lα 0.00024(1) 150 
Bi Lα 0.00477(9) 1300 
Mo Lα 0.03019(9) 100 
Nb Lα 0.00653(6) 100 
Pb Mα 0.00592(4) 100 
Se Lα 0.00319(3) 50 
Sn Lα 0.00231(1) 200 
Ti Kα 0.00171(3) 200 
V Kα 0.000337(5) 250 
Table 3.1.  The slopes of the lines in Figure 3.1 for each element along with the 
fluorescence line used. The maximum film thickness is the thickness where absorption 
reduces the intensity of fluorescence of the given element by 5%. 
 
For most elements, this corresponds to a film that is more than a hundred nanometers 
thick. While the exact thickness depends on the element being probed, the mass 
absorption coefficient of the matrix, and the density of the film, the approximation that 
µT(λi)ρd is small is a conservative approximation for thicknesses less than 50 nm for most 
elements. Films below this thickness are common in many research projects and in many 
devices prepared by sequential deposition of layers. The supporting information contains 
calculations of the thickness value when the calculated intensity of the given material 
using Equation 2 is 5% higher than the intensity calculated for Equation 1 for samples 
containing Bi, Pb, or Se in their matrix using Kα, Lα, and Mα lines. 
While quantifying the relative amount of an element in a film is valuable when 
monitoring a process, determining the number of atoms per unit area is significantly more 
valuable in many research applications. Unfortunately, K(λs) is a product of many 
constants that are difficult to quantify or calculate and both the average film density and 
thickness are generally difficult to experimentally determine. Our approach to quantifying 
the amount of material in a film per unit area is to synthesize standards where the number 
 65 
of atoms of each element per unit area can be calculated from diffraction data. Figure 3.2 
contains representative X-ray reflectivity (XRR), specular XRD and in-plane XRD scans 
of one of these films, a sample of [(PbSe)1.12]1[NbSe2]1. The Kiessig fringes in the XRR 
scan provide a measure of the smoothness of the film and allow the total thickness and 
the total number of repeats of the film to be calculated. The number of repeat units in the 
film is equal to the number of Kiessig fringes plus 2.  The specular diffraction scan shows 
that the film is crystallographically aligned with the substrate and enables the c-axis 
lattice parameter to be determined. The value of the c-lattice parameter informs on how 
many of each layer type are in the repeat unit. The total thickness of the film divided by 
the c-axis lattice parameter yields an integer, indicating that all of the film thickness 
comes from the crystalline material. Assuming there are no impurity phases present that 
are not evident in the diffraction scans, for example an amorphous phase, this allows us to 
calculate the number of atoms of each element per unit area as the product of the number 
of crystallographically aligned unit cells obtained from the specular diffraction 
information times the number of atoms per unit cell from the structure solution divided 
by the area per unit cell obtained from the in-plane lattice parameters. 
As an example, using the data in Figure 3.2, the formula to calculate atoms per 








#	of	layers@)5+(6(425(	A'B23+ 															(Equation	3.3)  
In Figure 3.2, the XRR pattern of [(PbSe)1.12]1[NbSe2]1 has 20 Kiessig fringes present 
between the critical angle and the first Bragg reflection, indicating that there are 22 repeat 
units of the [(PbSe)1.12]1[NbSe2]1 structure in the film. The total thickness of the film is 
obtained from the spacing between the Kiessig fringes. The specular diffraction pattern 
shown in Figure 3.2b yields a c-axis lattice parameter of 12.39(2) Å which matches the 
targeted c-axis lattice parameter for a [(PbSe)1.12]1[NbSe2]1 heterostructure.42 Dividing the 
total thickness by the c-axis lattice parameter yields the number of repeating layers in the 
film, which in this case is 22, agreeing with the number of layers determined from the 
number of Kiessig fringes. Since the repeating unit contains one layer of PbSe and one 
layer of NbSe2, the number of layers in Equation 3.3 is 22 for both constituents. 
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Figure 3.2. Three different diffraction scans of a [(PbSe)1+δ]1 [NbSe2]1 film. (a) XRR scan. 
(b) Specular XRD. (c) Grazing incidence in-plane XRD scan. The crystallographic indices 
are given above each reflection and were used to determine the total film thickness from 
(a), the c-axis unit cell parameter from (b) and the in-plane unit cell parameters from (c). 
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In-plane XRD is used to determine the number of atoms and the area of the basal 
planes in each unit cell. All the reflections in the in-plane diffraction pattern (Figure 3.2c) 
can be indexed as hk0 reflections for PbSe and NbSe2, consistent with the formation of a 
[(PbSe)1.12]1[NbSe2]1 heterostructure.42 The indices are consistent with a rectangular basal 
plane for PbSe (distorted rock-salt structure) and a hexagonal basal plane for NbSe2. The 
number of atoms per unit cell in the basal plane follow from the crystal structure of each 
constituent (4 Pb and 4 Se for PbSe and 1 Nb and 2 Se for NbSe2). The indexed patterns 
are then used to calculate the a-lattice and b-lattice parameters for the PbSe constituent 
(6.06 Å and 6.14 Å, respectively) and the a-lattice parameter for the NbSe2 constituent 
(3.47 Å). The resulting basal plane areas for each constituent, assuming that they are 
stoichiometric, are 12.5 Å2 for PbSe and 9.47 Å2 for NbSe2. Using this information, we 
calculate that the [(PbSe)1.12]1[NbSe2]1 film contains 2.37 Pb atoms/Å2, 2.11 Nb atoms/Å2 
and 6.58 Se atoms/Å2. 
Figure 3.3 shows the XRF intensity for a number of different elements versus the 
calculated number of atoms of each element in a number of films containing a variety of 
different rock salt structured constituents and transition metal dichalcogenides that have 
diffraction data similar to that displayed in Figure 3.2. The data for each element is well 
described by straight lines through the origin, where the slopes provide the conversion 
factor between intensity and atoms per unit area. The supporting information contains data 
for other elements (Figure A.7), reinforcing that this is a reasonable approach to obtain the 
proportionality constant between the XRF intensity and number of atoms in the analytical 
volume. The largest error in this approach is the assumption that the films do not contain 
either significant defect densities or amorphous phases that are not evident in the 
diffraction scans. The observed linear behavior for films containing a variety of different 
constituents suggests that the approximation is valid and using the slope averages this 
error over many samples. The graph for selenium (Figure 3.4) has the largest deviations. 
We believe points above the line are the result of small amounts of amorphous Se in grain 
boundaries, inclusions, and on the surface of the films, which could be removed by 
additional annealing time. Points below the line are likely the result of Se loss due to 
annealing the samples for too long in an open system. The ability to accurately and non-
destructively measure Se content will aid researchers to adjust the annealing temperatures 
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and times to obtain stoichiometric Se content.  
Once the conversion factor is known for a particular element, the conversion factor 
for other elements can be determined by measuring XRF intensities of stoichiometric 
compounds that contain elements with known and unknown conversion factors. For 
example, to obtain the conversion factor for Se, XRF measurements on thin films with 
stoichiometric SnSe2 can be used. The conversion factor of Se is then determined using 
the XRF intensities of Sn and Se, the known conversion factor of Sn (Figure 3.3), and the 
stoichiometry of the crystal. Figure 3.4 illustrates this process for three SnSe2 and two 
TiSe2 films, where the validity of this approach is confirmed by the consistency of the 
calculated conversion factor with that determined from crystal structure information as 
presented in Figure 3.3 for other elements. 
While the number of atoms per unit area in a thin film via XRF can be determined 
with less than 1% error, the error increases as the amount of an element approaches zero 
as subtracting the background signal becomes more significant. Figure 3.5 shows the 
signal from the Sn Lα emission line for a silicon substrate and the substrate with 0.11 
atoms of Sn/Å2 (~140% of the amount of Sn in a single layer of SnSe2)). The background 
intensity constitutes roughly 20% of the total intensity under the Sn Lα background 
intensity correctly. For Sn films deposited on silicon substrates under these data collection 
times and conditions (less than an hour total scan time for both film and blank substrate), 
the error of the net intensity measurements in our instruments indicates that changes of 
less than 1 % of a monolayer film of SnSe2 can be detected. The sensitivity of detecting 
small changes of an element depends on the change in intensity of the XRF signal for that 
element, which is proportional to the slope of the lines in Figure 3.1, and on the specific 
diffracting crystals and detectors used. For example, the intensity of the Pb emission from 
the Mα line is about 10 times more intense per atom than the intensity of the Ti emission 
from the Kα line in our instrument. Therefore, we can detect smaller changes in Pb 
atoms/Å2 than Ti atoms/Å2. Sensitivities for several elements based on the data collected 
in this study are given in Table 3.2. 
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Figure 3.3. Graphs of the XRF intensity versus the number of atoms per unit area of 
several elements calculated from diffraction information such as that shown in Figure 3.2 
for a number of different films. 
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Figure 3.4. XRF intensity versus the total number of Se atoms per unit area determined 
from diffraction information (black), from films of SnSe2 (red) and from films of TiSe2 
(blue). For the SnSe2 and TiSe2 films, the information in Figure 3.3 was used to determine 
the number of cation atoms in these films from the measured Sn and Ti XRF intensities. 
These values were then used to calculate the number of Se atoms in each of the films. 
 
Figure 3.5. The Sn-La emission intensity from a film with 0.11 Sn/Å2 and the blank Si 
substrate before deposition of Sn. 
For ultra-thin films (a monolayer or less), the ability to subtract the background 
intensity accurately and reproducibly is obviously critical, making the choice of the 
emission line an important factor. Figure A.3 in the supporting information illustrates this 
point, showing the measured intensity of a Pb-containing sample and its blank substrate 
for three different emission lines, the Lα, the Lβ1, and Mα. While the signal intensity is 
largest for the Lα emission line, the low and constant intensity measured on the blank 
substrate for the Mα line makes it the preferred emission line. 
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The ability to quickly measure the number of atoms per unit area of each element 
in a film enables films to be prepared with a precise number of unit cells such as that 
shown in Figure 3.2. To demonstrate this, a film where eight elemental Mo and Se layers 
were sequentially deposited onto a room temperature silicon substrate, with each pair 
containing the appropriate amount of these elements per unit area to form a single 
crystalline MoSe2 layer. After annealing at 650°C, a variety of diffraction and reflectivity 
scans were collected. The XRR scan in Figure 3.6 is that expected for a film containing 8 
identical layers, with a thickness consistent with 8 MoSe2 trilayers. The high angle 
annular dark field scanning transmission electron microscopy (HAADF-STEM) cross-
section image of this sample, also shown in Figure 3.6, is consistent with the XRR scan. 
The specular diffraction pattern contains only four broad 00l reflections, indicating that 
the MoSe2 is crystallographically aligned with the substrate yielding a c-axis lattice 
parameter of 6.53(1) Å, consistent with the literature value of 6.46 Å.43 The in-plane 
diffraction pattern contains only hk0 reflections, from which an a-axis lattice parameter of 
3.27(3) Å was calculated. This is in good agreement with that previously reported for 
MoSe2 (3.31 Å).43 
 
Figure 3.6. Measured and calculated XRR patterns of an 8-layer MoSe2 film showing the 
application of this XRF method to prepare films containing a finite number of layers. The 





Element  Sensitivity  
Sn (SnSe) > 1% 
Pb (PbSe) > 1% 
Nb (NbSe2) > 1% 
Mo (MoSe2)  2% 
V (VSe2) 7 % 
Ti (TiSe2) 10 % 
Table 3.2. Sensitivity of the XRF measurement for a series of elements as a percent of a 
monolayer of the compound in parenthesis.  
3.5. Conclusion 
XRF is a sensitive and precise probe of the number of atoms per unit area of select 
elements in thin film samples. If films are thin enough, absorption corrections can be 
ignored, and the matrix has minimal impact on fluorescence intensity. The proportionality 
factor between intensity and the number of atoms of each element per unit area was 
determined using diffraction data from smooth, crystallographically aligned thin films that 
are an integral number of unit cells in thickness. The sensitivity of this approach enables 
less than 1% of a monolayer to be quantified. 
 
3.6. Bridge 
 The XRF technique outlined in this chapter is essential for the precise control of 
thin film synthesis and control of nanoarchitecture. As opposed to commonly used 
elemental analysis techniques that only offer the relative amounts of constituents, our 
method is able to provide experimentalists with the absolute number of atoms per unit 
area. This gives a new, more exact level of information that is valuable for materials 
characterization even down to sub-monolayer dimensions. This technique has been 
utilized for all experimental chapters (4-6) that follow and has improved our ability to 
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4.1. Abstract 
Films containing 8, 16, 24, 32 and 64 MoSe2 layers were synthesized using the 
modulated elemental reactants (MER) method. X-ray reflectivity patterns showed that the 
annealed films were the targeted number of MoSe2 layers thick with atomically smooth 
interfaces. In-plane x-ray diffraction scans contained only hk0 reflections for crystalline 
MoSe2 monolayers. Specular x-ray diffraction patterns contained only 00l reflections, 
also indicating that the hk0 plane of the MoSe2 layers are parallel to the substrate. Both x-
ray diffraction and nanobeam electron diffraction indicated that the hk0 planes are 
rotationally disordered with respect to one another, with all orientations equally probable 
for large areas.  The rotational disorder between MoSe2 layers is present even when 
analyzed spots are within 10 nm of one another. Cross-plane thermal conductivities of 
0.063 – 0.089 W m-1 K-1 were measured by time domain thermoreflectance, with the 
thinnest films exhibiting the lowest conductivity. The structural analysis suggests that the 
ultralow thermal conductivity is a consequence of rotational disorder, which increases the 
separation between MoSe2 layers and creates significant anharmonicity. Since rotational 
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disorder between adjacent layers in heterostructures is expected if the constituents have 
incommensurate lattices, this study indicates that these heterostructures will have very 
low cross-plane thermal conductivity. 
 
4.2. Introduction 
In the past decade, van der Waals heterostructures have attracted significant 
research interest1–4 due to emergent optoelectronic,5–7 magnetic,8,9 topological,10–12 and 
catalytic13 properties that arise when two or more nanosheets are assembled in a stacked 
configuration. Depending on the selected constituents, layers can either operate relatively 
independent of one another,14 or states may be coupled to create novel or modified 
behavior.5,15,16 The modular design of heterostructures enables researchers to vary the 
constituents, layer thicknesses or stacking sequence to tune a targeted property.2 More 
recently there have been efforts to understand more precisely how the rotation angle 
between layers affects properties and gives rise to extended in-plane structural and 
electronic superlattices (i.e. Moiré lattices). Studies have shown exotic electronic 
properties in graphene systems as a function of rotation angle including the ability to 
couple15,17,18 and decouple19,20 electronic states. In transition metal dichalcogenide 
systems, similar phenomena depend on rotation angle including carrier lifetime, 
collection efficiency, band gap and structural modulations.21–25 These investigations are 
particularly relevant to nanoelectronics, where interactions between constituents become 
more important as interfaces become a larger fraction of devices.26 
While electronic, optical, and structural changes in single layers and 
heterostructures of van der Waals materials have been widely studied, there has been 
much less emphasis on thermal properties. Thermal conductivity between dissimilar 
materials is an important design parameter in many applications, with high thermal 
conductivity desired for some (heat dissipation in electronics) and low thermal 
conductivity desired for others (thermoelectric materials). Theoretical investigations of 
the in-plane thermal transport properties of monolayers of transition metal 
dichalcogenides have yielded a wide range of in-plane thermal conductivity values, with 
values from 1.35 to 103 W m-1 K-1 calculated for MoS2 and 17 to 43 W m-1 K-1 calculated 
for MoSe2.27–36 Measured in-plane thermal conductivities range from 34 to 84 W m-1 K-1 
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for MoS2 and values around 60 W m-1 K-1 for mono- and few-layer MoSe2.37–40 The 
cross-plane thermal conductivity of MoSe2 is reported to be ~1 W m-1 K-1.41 There are 
fewer reports on the interfacial thermal resistance between dichalcogenides and substrates 
or between dichalcogenides and other 2D materials, with calculated values42–45 ranging 
between 1 and 5 × 10−8 m2 K W-1 and experimental reports ranging from 1 × 10-6 to 
1 × 10-8 m2 K W-1 depending on how the interfaces are prepared.40,45–47 For the 
calculations done on van der Waals heterostructures, the constituent structures were 
distorted to form a supercell, and the resulting in-plane thermal conductivity was found to 
depend on the extent of distortion required to form the supercell.47,48 
The thermal conductivity of superlattices provides a lower limit to the average 
thermal conductance of an interface, G, though the relationship Λ = Gd/2,49 where Λ is 
the thermal conductivity and d is the period of the superlattice. This equation assumes 
that the thermal resistance of the interfaces dominates the thermal conductivity. 
Unfortunately, there have been no reports of the thermal conductivity of van der Waals 
superlattices, due to the synthetic challenges in preparing these structures via epitaxial 
growth techniques.50 One might expect different behavior than in systems with strong 
covalent bonds across the interfaces due to the highly anisotropic bonding environment, 
with strong covalent bonds in the xy plane and non-epitaxial and weak van der Waals 
associations along the superlattice direction, z. The weak van der Waals bonding across 
the interface also creates the opportunity for an arbitrary rotational angle between two 
constituents. In 2007, Chiritescu et al. reported a 30-fold reduction in cross-plane thermal 
conductivity in WSe2 prepared by modulated elemental reactants as compared to bulk 
single crystal WSe2.51 The rationale given for the observed reduction was the rotational 
disorder between WSe2 sheets evident in X-ray diffraction data. Surprisingly, 
significantly higher cross-plane thermal conductivity has been reported in TMDs with 
extensive defects and non-planar sheets.52 Since the in-plane lattice structure of the 
reported WSe2 is very similar to the bulk compound, it is reasonable to assume that the 
low cross-plane thermal conductivity is a result of a large interfacial resistance between 
WSe2 layers caused by the rotational disorder. Using the measured value of the cross-
plane thermal conductivity (0.05 W m-1 K-1) and the measured spacing of the layers, an 
interfacial conductance of 1.5 × 108 W m-2 K-1 (or an interfacial resistance of 6 × 10-9 m2 
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K W-1) is calculated. This is an order of magnitude lower than the conductance reported 
for Si-Ge superlattices49,53 and similar to the conductance reported for Ti-Al2O3, 
2 × 108 W m-2 K-1. 
In this work we present the synthesis, in-depth structural characterization, and 
cross-plane thermal conductivity analysis of MoSe2 ultrathin films with targeted 
thicknesses to probe the correlation between local rotational order at van der Waal 
interfaces and thermal conductivity. Specular X-ray diffraction analysis indicates that the 
films are crystallographically aligned to the substrate and uniform in thickness over a 
large area (~2 cm × 2 cm). The spacing between MoSe2 layers is larger than that reported 
for the crystalline polymorphs and the measured film thickness is consistent with the 
targeted integer number of MoSe2 layers. In-plane diffraction reveals only hk0 reflections 
of crystalline MoSe2 and indicates that the MoSe2 grains are randomly orientated with 
grain sizes on the order of 10-100 nm. The in-plane lattice parameter is consistent with 
that reported for MoSe2 prepared at high temperatures. Cross section high angle annular 
dark field high-resolution scanning transmission electron microscopy (HAADF 
HRSTEM) reveals flat and parallel MoSe2 layers with the targeted number of MoSe2 
layers. Plan view transmission electron diffraction patterns indicate that the layers are 
rotationally disordered from one another and nanobeam electron diffraction patterns 
indicate that the orientations of the layers change over a 10-nm length scale. In-plane 
electrical conductivity measurements show an activated behavior, with activation energy 
of 0.2 eV. Cross-plane thermal conductivity was evaluated by time domain 
thermoreflectance and found to be between 0.063 – 0.089 W m-1 K-1, which is more than 
an order of magnitude smaller than previous reports. Assuming the thermal conductivity 
is dominated by low conductance at the interfaces, we calculate an interfacial 
conductance of ~2 × 108 W m-2 K-1 (or an interfacial resistance = 5 × 10-9 m2 K W-1) for 
rotationally disordered MoSe2. Our results show that ultralow cross-plane thermal 
conductivity can be achieved in a highly periodic MoSe2 array in which interlayer 





4.3. Results and Discussion 
Samples were prepared by depositing a targeted number of Mo|Se bilayers and 
annealing the samples at low temperatures to self assemble MoSe2. Deposition 
parameters for the modulated elemental precursor were calibrated so that the amount of 
Mo and Se in a deposited bilayer yielded a 1:2 ratio of the elements. These values were 
adjusted during this study to yield precursors with varying amounts of excess Se as this 
improved the quality of the resulting XRR and XRD patterns. The thickness of the 
deposited layers was then scaled so the number of atoms in each Mo|Se bilayer matched 
the number of atoms in a single Se-Mo-Se trilayer of MoSe2 (subsequently called a 
monolayer). Samples were prepared with a range of total thicknesses by varying the 
number of Mo|Se bilayers deposited. Samples were annealed at 650 °C for 60 minutes in 
a N2 atmosphere followed by a 60 minute anneal at 550 °C in a sealed tube with a Se 
partial pressure. The specular diffraction patterns of all samples contained only the 00l 
reflections expected for MoSe2 that is crystallographically aligned to the silicon substrate 
(native oxide). 
Figure 4.1 contains both calculated (red) and experimental (yellow and blue) low 
angle reflectivity patterns of samples where 24 MoSe2 monolayers were targeted. The 
patterns contain periodic oscillations called Kiessig fringes, which result from two 
superimposed phenomena—the interference of scattered x-rays off the top and bottom 
interfaces of the film and the incomplete destructive interference of the 24 MoSe2 
monolayers. The position of the Kiessig fringes at low angles is dominated by the 
reflectivity of the sample, and their location depends the average total film thickness via 
Bragg's law corrected for refraction. The position of the Kiessig fringes closer to the 001 
Bragg reflection for MoSe2 is dominated by the incomplete destructive interference of the 
finite size crystal, and their location is related to the number of monolayers and their 
spacing, which is the c-axis lattice parameter. The annealed film from the stoichiometric 
precursor (blue) was ~10 Å thinner than the target thickness, leading to a film with less 
than 24 layers of MoSe2. There is a difference between the thickness calculated from the 
position of the low angle Kiessig fringes (between 22 and 23 monolayers) and the higher 
angle fringes near the Bragg reflection (23 monolayers), indicating that different regions 
of the film have slightly different thicknesses. The interference between these two areas 
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of the film results in a reduction in the amplitude of the Kiessig fringes between 7° and 
10° relative to that in the calculated pattern. Precursors deposited with the correct amount 
of Mo but a 10-15% excess of Se form films with Kiessig fringe amplitudes closer to that 
expected from the calculation; and the excess Se is expelled upon annealing as monitored 
using XRF.54 The agreement between the experimental (yellow) and calculated (red) 
reflectivity patterns indicates that this sample contains 24 parallel monolayers, which is 
consistent with the cross-sectional STEM images discussed later. The samples used in 
this study were all prepared from precursors with ~10% excess Se. 
 
Figure 4.1. Low-angle reflectivity patterns for two samples designed to form 24 layers of 
MoSe2. The yellow trace (middle) is a calculated pattern that was used as a comparison 
for the two experimental patterns (red and blue). The blue (bottom) trace was annealed 
from a stoichiometric precursor with ~5 % deficiency in Mo, whereas the red trace (top) 
contained a ~10% Se excess and the correct amount of Mo to form 24 layers. 
 
Films containing 8 to 64 monolayers of MoSe2 were prepared by changing the number of 
Mo|Se bilayers deposited in the precursor. Figure 4.2 contains the experimental and 
calculated X-ray reflectivity patterns for 8- and 16-layer structures. The agreement 
between the experimental (red) traces and calculated (blue) traces demonstrates the 
ability to prepare films with a targeted number of MoSe2 monolayers over the entire 
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probed area (~4 cm2). The Parratt relationship relates the angle to which resolved fringes 
are observed to how parallel the bottom and top surfaces of the sample are over the 
probed area.55 The observation of fringes to 2" > 15° indicates sub-Angstrom 
smoothness. 
 
Figure 4.2. Low-angle reflectivity patterns of 8- and 16- layer MoSe2 films that show 
strong agreement between the calculated (blue) and experimental (red) traces. 
 
Specular diffraction patterns were collected to determine the out-of-plane 
structure of the samples. All the observed Bragg maxima (Figure 4.3) can be indexed as 
the 00l family of reflections, indicating that the MoSe2 layers are parallel to the substrate. 
Rocking curve measurements were done on the 00l reflections to measure the extent of 
preferred alignment, yielding half widths of 1.1 degrees θ.	These half widths are 
significantly narrower that the ~15 degrees θ reported by Muratore et al.52 The line 
widths of the reflections broaden as the number of layers decreases and the coherence 
length becomes limited by the film thickness. c-axis lattice parameters were calculated 
for the different samples (see Table 1), yielding an average value of 6.531(2) Å, which is 
larger than previously reported c-axis lattice parameters (6.46(1) Å) for 2H, 3R, or 4H 
MoSe2 prepared by high temperature syntheses.56–60 We believe that this increased c-axis 
lattice parameter is a consequence of the rotational disorder between adjacent MoSe2 
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layers. Even larger c-axis lattice parameters have been reported for MoSe2 prepared using 
a variety of low T synthesis techniques.61–63 The larger c-axis lattice parameters from 
these syntheses was not explicitly discussed, but for some approaches may be a 
consequence of included solvent molecules between the MoSe2 layers. 
Rietveld refinement of the specular diffraction pattern of the MoSe2 sample with 
64 layers was conducted to gain insight into the cause of the expanded c-axis lattice 
parameter. Figure 4.3 contains the experimental and calculated diffraction patterns, with a 
schematic of the refined model inset within the figure. The van der Waals gap from our 
refined model, taken as the distance between the Se planes in adjacent MoSe2 layers, 
0.321(1) nm, is 0.008 nm larger than that reported in the literature for MoSe2 prepared at 
high temperatures (0.3128 nm). The Se-Mo interatomic distance (0.165(7) nm) is also 
larger than that reported in the literature for the thermodynamic product (0.1615(1) nm). 
We checked to see if the samples were off stoichiometry, but our XRF analysis indicates 
that the stoichiometry of all the samples are MoSe1.99(2). The increase in the c-lattice 
parameter is a consequence of both of these distances increasing, which we speculate is 
caused by the rotational disorder between adjacent MoSe2 layers. 
Grazing-incidence x-ray diffraction (GIXRD) was collected to obtain information 
about the in-plane structure of the samples. All of the patterns contain Bragg maxima that 
can be indexed as hk0 reflections using a hexagonal unit cell (Figure 4.4), consistent with 
the preferred orientation of MoSe2 layers. The a-axis lattice parameters of the different 
MoSe2 films were determined using LaBail fits of the diffraction patterns. The value 
obtained, 0.331(1) nm, agrees with literature values for MoSe2, which range from 0.329 
nm for MoSe2 prepared at high temperature57–60, to as low as 3.22 for films prepared at 
low temperature.7 The Debye-Scherrer equation was used with line widths obtained from 
the LaBail fits to obtain an estimate of 10 nm for the in-plane grain sizes. In-plane pole 




Figure 4.3. Specular diffraction patterns show only the 00l family of Bragg reflections, 
indicating that MoSe2 nanosheets run parallel to the substrate. The structural refinement 
shows a slightly increased interplanar distance between Se and Mo planes, which is 
consistent with other low temperature syntheses. Experimental data points are shown in 
black, and the refinement is shown in yellow. The residuals are in red. 
 
 
Figure 4.4. Representative GIXRD patterns of 16-, 32-, and 64-layer films showing only 
hk0 reflections due to the preferred orientation of the crystallites. 
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Cross-sectional HAADF-STEM images were collected to gain additional 
information about the structure of the MoSe2 layers and their stacking. Figure 4.5 
contains images of the 8- and 24-layer samples, which contain layers of alternating 
contrast corresponding to the nanosheets (bright) and van der Waals gaps (dark) with the 
layers parallel to the substrate. The number of Mo|Se layers in the precursors have been 
retained in the crystalized films, which contain atomically sharp interfaces and highly 
parallel layers in agreement with the diffraction data discussed previously. Areas with  
 
 
Figure 4.5. Cross-Sectional HAADF-STEM images of 24-layer and 8-layer MoSe2 films. 
Grain orientations and zone axes are indicated in the shaded boxes, and the arrangement 
of atoms is shown with red spheres corresponding to Mo atomic columns and gold 
spheres corresponding to Se atomic columns. 
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resolvable zone axes are not frequent and neither are areas with alignment between 
layers, such as that in the image of the 8-layer sample. This is consistent with the 
rotational disorder previously reported from other films made via MER synthesis and the 
pole figure measurements discussed earlier. A periodic stacking of the layers observed in 
the thermodynamic phases of MoSe2 is not observed. A non-representative area of the 8-
layer film is shown in Figure 4.5 because it contains a rare region where the bottom 2 
layers have a (110) orientation while layers 3 and 4 have the (100) axis aligned with the 
beam. The observed chevron arrangement of the atoms within the MoSe2 nanosheets 
where the electron beam is aligned down the (100) axis is consistent with trigonal 
prismatic coordination of the Mo atoms. Layers 5-8 do not show resolvable zone axes, 
indicating that they possess different rotational orientations. Most of the areas viewed in 
the STEM investigation did not show any, or at most a single layer with a resolvable zone 
axis. A high density of independent nucleation sites probably causes the rotational 
disorder between layers during the self-assembly of the precursor. Faster growth along a 
MoSe2 sheet than heterogeneous nucleation of an adjacent layer at the interface of an 
existing layer results in the random rotational orientation. Grain sizes within a layer agree 
with the diffraction estimates using Debye-Scherrer analysis (on the order of ~10 nm). 
The HAADF HRSTEM images in Figure 4.5 demonstrate a well-defined layered 
structure. This is different from previous reports of WSe2 also made by MER synthesis. 
Cross section high-resolution TEM images showed nonplanar layers with small in-plane 
grain sizes.64 This result was inconsistent, however, with previously reported x-ray 
diffraction data on the same sample,51 indicating that the sample may have been damaged 
during TEM sample preparation. 
Plan view HRTEM data and nanobeam electron diffraction (NBED) patterns were 
collected over a 250 × 250-nm region of the 8-layer sample to obtain information on the 
local rotational disorder. Figure 4.6 shows a representative 3 × 3 grid of these NBED 
patterns collected with a focused 8-nm electron beam on a square grid with 10 nm 
between the centers of the electron beam. All of the patterns contain multiple hexagons of 
varying orientation and intensity, reflecting the local orientations of the hexagonal MoSe2 
basal planes. The local orientations change significantly from spot to spot. The grain 
orientations are randomly distributed and they change intensity independently of one 
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another, consistent with the rotational disorder inferred from the cross section HRSTEM 
data. If all of the patterns over the 250 × 250-nm area are stacked on top of one another, 
rings of uniform diffraction intensity are obtained (see SI), consistent with the x-ray pole 
figure experiment discussed earlier. Different grain orientations can be identified in each 
individual pattern, and are represented by the different color hexagons in the central 
pattern of Figure 4.6. These orientations were tracked from the central pattern to the 
adjacent regions. If a specific orientation is still observed, a hexagon of that color is 
shown. If the orientation is missing in an adjacent region, the hexagon is not shown. 
While a specific orientation may exist on diffraction patterns collected on adjacent spots, 
the majority of the orientations change even at this length scale.  
By the evaluation of smaller scale, e.g. 5 × 5 nm2 fast Fourier transforms (FFTs) 
of HRTEM micrographs as depicted in Figure 4.7, further statements about the 
rotationally disordered layers could be deduced as explained in the SI. The rotational 
disorder of NBED patterns on the larger scale is congruent with the superposition phase 
contrast visible in Figure 4.7a. However, confined areas of rotational alignment could be 
identified from the 7b HRTEM contrast and 7c FFT analyses, showing single hexagon 
patterns. Further, a color coded mapping 7d of hexagon orientations prolonging or 
disappearing in adjacent squares reveals certain rotational ordering on 10-30 nm length 
scales within MoSe2 layers (See SI for details). This is consistent with FFT's done on 5 
nm areas of the plan view HAADF STEM data, as shown in the SI. The changes in grain 
orientation observed in Figure 4.7 are consistent with the estimates of the in-plane grain 




Figure 4.6. Nanobeam electron diffraction patterns of MoSe2 domains separated by 10 
nm. Grain orientations are highlighted by colored hexagons in the central SAED image. 
If one of these orientations persists in a neighboring SAED image, the color hexagon 
corresponding to that orientation is superimposed on the image. 
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Figure 4.7. Plan view HRTEM study of a 8-layer MoSe2 sample. a) HRTEM micrograph 
showing confuse phase contrast originating from the rotational disorder of stacked layers. 
b) Magnified area of the red box in a) showing a small area in which all 8-layers are 
rotationally aligned. c) Single orientation FFT pattern of the image depicted in b). d) 
Color coded map showing different hexagon orientations extracted from individual 5x5 
nm² FFT’s on adjacent positions up to the order of three differentiable rotations. 
 
Electrical resistivity was measured at temperatures between 165 K – 295 K using 
the van der Pauw method. The resistivity increased exponentially from 0.83 Ωm at room 
temperature to 10.73 Ωm at 165 K, indicating that the films are semiconducting. A linear 
regression of ln - v. ./0 (Figure 4.8) yielded a band gap of 0.17(1) eV, which is 
approximately one order of magnitude smaller than the optical band gaps reported for 
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bulk 2H MoSe2 and large-grain monolayer structures.65 While studies report a narrowing 
of band gaps in rotationally disordered systems by ~15%,21 the lower band gap in our 
system obtained from the resistivity suggests that we are not observing the intrinsic band 
gap, but instead we are measuring the activation energy of a defect band.66 
 
Figure 4.8. The linear relationship between ln	- and T-1 indicates that films are 
semiconducting. 
 
Thermal conductivity measurements were made using the time domain 
thermoreflectance (TDTR) method67 on the 16, 32, and 64-layer films with a 80-nm-thick 
aluminum film as an optical transducer sputtered on the MoSe2 films. The thermal model 
is compared with the measured TDTR data to determine two free parameters: thermal 
conductivity of MoSe2 (Λ) and interfacial thermal conductance between Al and MoSe2 
(G). The experimental heat capacity of MoSe2 is used as 1.89 J K–1 cm–3.68 Due to the 
extremely low thermal conductivity of the MoSe2 films, the TDTR measurement is most 
sensitive to Λ and less sensitive to G. Therefore, the thermal conductivity of MoSe2 is 
evaluated at G=100±70 MW m–2 K–1, which is the typical range of G,69 i.e., the upper 
bound is for the interface between metals and dielectrics, and the lower bound is for the 
interface between metals and 2D van der Waals materials. The summary of the thermal 
conductivity of 16, 32, and 64-layer films is given in Table 1. Note that the positive 
(negative) uncertainty of Λ corresponds to G=30 (170) MW m–2 K–1.  
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The measured cross-plane thermal conductivities, 0.07 W m-1 K-1 to 0.09 W m-
1 K-1, are extremely low for a fully dense solid. These values are approximately a factor 
of 50 smaller than what has been reported for bulk dichalcogenides of Mo, W, and Ti for 
which values ranged from 1.75	W m-1 K-1 for a purchased single crystal of WSe2 to 4.7 
W m-1 K-1 for a natural mined single crystal of MoS2.51,52,70–72 Thermal conductivity 
values for crystals of Mo and W dichalcogenides grown via vapor transport range from a 
low of 1.2 W m-1 K-1 for WSe2 to a high of 3.5 W m-1 K-1 for MoSe2.70,73,74 Samples of 
MoS2 prepared by annealing Mo films in S vapor have thermal conductivities close to 
those of bulk crystals.52,75 These values are generally in agreement with calculated 
values.76,77 Intercalation has been shown to lower the cross-plane thermal conductivity of 
dichalcogenides by a factor of 2 to 3,72,75 significantly less than the reduction observed 
here. Very low cross-plane thermal conductivities have been published for disordered 
dichalcogenide films prepared by magnetron sputtering, 0.1-0.3 W m-1 K-1.52 In these thin 
film studies, however, the wavy stacking arrangement of nanosheets was thought to 
scatter phonons. Models that accommodate reduced symmetry along z have corroborated 
that stacking disorder and lattice expansions on the order of 2-3% can reduce cross-plane 
thermal conductivity to ~0.4 W m-1 K-1.78 
The longitudinal speed of sound along the z-axis (vL) of the Al-sputtered MoSe2 
films can be determined by using picosecond acoustics.79 The elastic constant, C33, can be 
calculated as C33=ρvL2, where ρ is the theoretical mass density of MoSe2, 7.0 g cm–3, and 
is shown in Table 1. The C33 of 38–44 GPa is comparable to that of other transition metal 
dichalcogenides, e.g., 52 GPa for MoS2 bulk75 and 43 GPa for ReS2 exfoliated flake.69 
We speculate that the 50-fold reduction in the cross-plane thermal conductivity of the 
rotationally disordered MoSe2 films would be attributed to the suppressed group velocity 
of transverse phonon modes, rather than that of longitudinal modes. However, 
measurement of the transverse speed of sound or shear modulus is challenging, and 
experimental evidence is still lacking.  
Results presented in this study suggest that rotational disorder in otherwise well-
defined crystalline systems is sufficient to reduce thermal conductivity to ultralow values. 
The structural analysis indicates that our films consist of a highly periodic MoSe2 array 
with flat (non-wavy) monolayers. While the c-axis lattice parameter is ~1% larger than 
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single crystals, this expansion is coherent throughout the sample. The in-plane x-ray 
diffraction pole figures show that the layers have a random rotational orientation over the 
large area probed. The nanobeam electron diffraction data shows that this interlayer 
rotational disorder exists at the nanoscale. The ultralow thermal conductivity values 
reported here are consistent with the cross-plane thermal conductivities reported for 
WSe2 and dichalcogenide containing heterostructures prepared using MER with 
semiconducting rock salt layers, with values ranging from 0.05 – 0.35 Wm-1K-1.51,80–84  
The rotational misalignment between layers creates very anisotropic environment 
in the xy plane for the Se atoms, as the Se in one layer is no longer sitting in the middle of 
a triangle of Se atoms from the adjacent layer.85 Assuming that the low thermal 
conductivity measured here for rotationally disordered layers is solely due to a low 
thermal conductance at the interface, we calculate a lower limit of 2 × 108 W m-2 K-1 for 
the interfacial conductance. This is a factor of 5 smaller than that calculated for the 
interface conductance of a 2H-1T MoS2 heterostructure (1 × 109 W m-2 K-1) for different 
special orientations investigated.86 The lower thermal conductance for identical layers 
that are rotationally disordered with respect to one another, suggests that rotational 
misalignment between adjacent monolayers in van der Waals heterostructures might 
result in even smaller interfacial conductance. This would result in even lower thermal 
conductivity if the degree of rotational disorder were maximized. 
# MoSe2 
Layers 





64 3.309(5) 6.532(2) 0.090/:.::;<:.::= 44±3 
32 3.313(1) 6.526(2) 0.07/:.::;<:.:0; 32±5 
24 3.309(1) 6.528(5) - - 
16 3.310(1) 6.536(9) 0.07/:.::=<:.:@  38±8 
8 3.308(4) 6.53(1) - - 
 
Table 4.1. Summary of lattice parameters from x-ray diffraction, cross-plane thermal 
conductivity (Λ), and z-axis longitudinal elastic constant (C33) for the rotationally 




 Using the XRF technique outlined in Chapter 3, we were able to synthesize 
MoSe2 with precise layering schemes down to ultrathin dimensions. Previous work on the 
thermal conductivity of ferecrystalline TMDs had called into question the structural 
characterization of the thin films, suggesting that low thermal conductivity may not have 
been a result of rotational disorder, but rather poorly defined crystalline systems. This 
work shows a rigorous structural characterization of an exceedingly well defined 
crystalline nanolaminate. Additionally, it provides local level characterization of 
rotational disorder. This shows more definitively the relationship between low thermal 
conductivity and rotational disorder specifically. A natural corollary to this project would 
be to synthesize an intergrowth wherein interlayer atomic registry is further inhibited and 
rotational disorder is maximized. One strategy to achieve this is to interleave structures 






SYNTHESIS, CHARACTERIZATION, AND ULTRALOW THERMAL 
CONDUCTIVITY OF THE LATTICE-MISMATCHED (SNSE2)1(MOSE2)1.32 
HETEROSTRUCTURE 
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5.1. Abstract 
An intergrowth of alternating MoSe2 and SnSe2 layers was prepared using the 
Modulated Elemental Reactants (MER) synthesis in order to achieve a heterostructure 
with high lattice mismatch in the basal planes. Structural characterization shows the 
formation of two independent lattices that closely resemble parent structures and an 
ability to select the number of unit cells in the stack. Specular diffraction shows only 00l 
reflections while grazing incidence in-plane x-ray diffraction shows only hk0 reflections, 
indicating that nanosheets are aligned parallel to the substrate. Additionally, crystallites 
are rotationally disordered from one another, which is apparent even at the local level by 
HAADF-STEM imaging. The cross-plane thermal conductivity for films of varying 
thicknesses between 8 and 32 unit cells was analyzed by time domain thermoreflectance 
and found to be 0.043 -0.058 Wm-1K-1, with the thinnest films exhibiting the lowest 
conductivity. Our work shows that a heavily lattice-mismatched heterostructure can 
maximize rotational disorder and depress thermal conductivity to record breaking lows 






Low thermal conductivity is important in many technological applications, for 
example when materials are used as thermoelectric materials, as thermal barrier coatings 
for gas turbine blades,1,2 as insulating components in phase change memory devices,3 or 
simply as thermal insulation.4 Low thermal conductivity is generally found in amorphous 
glasses5, where the atomic scale disorder results in vibrations being attenuated on a length 
scale near that of the inter-atomic separation. Adding porosity further reduces thermal 
conductivity,6 but negatively impacts mechanical and electrical properties. Materials with 
highly anisotropic bonding environments can also have very low thermal conductivities 
as the interfaces can effectively scatter atomic vibrational waves.7 The lowest thermal 
conductivities have been found for layered materials with rotationally disordered 
interfaces.8–10 
Since thermal conductivity depends on atoms transferring vibrational energy to 
one another, we hypothesized that creating a heterostructure with an incommensurate 
structural relationship between the layers would maximize rotational disorder and also 
increase the distances between the layers, both contributing to ultralow thermal 
conductivity. We targeted SnSe2(MoSe2)1.32 because both constituents are layered 
compounds with hexagonal structures similar to that of WSe2, but there is a large 
difference in their in-plane lattice parameters. The different size hexagonal lattices of Se 
atoms at the interfaces were expected to prevent the constituent layers from stacking 
coherently, resulting in extensive rotational disorder between the layers and a larger van 
der Waals gap because the Se layers could not nest with one another. 
 
5.3. Results and Discussion 
We prepared SnSe2(MoSe2)1.32 by repeatedly depositing the sequence of 
elemental layers, Se|Mo|Se|Sn, with each M|Se bilayer containing the number of atoms 
required to form the respective dichalcogenides with a slight excess of Se. Annealing 
these films in a dry N2 atmosphere resulted in the self assembly of the targeted structure, 
but when we increased temperature enhance the structural coherence of the layers, x-ray 
fluorescence spectroscopy indicated the samples lost an equivalent of Se, forming SnSe.11 
Annealing precursors in a sealed tube with a Se partial pressure prevented the loss of Se 
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and enabled us to reproducibly obtain (MoSe2)1.32SnSe2 with highly ordered crystals and 
controlled thicknesses as shown in Figure 5.1. The low-angle diffraction patterns in 
Figure 5.1a contain the first two 00l Bragg reflections of the targeted heterostructure as 
well as Kiessig fringes, which result from both the finite thickness of the both film and 
incomplete destructive interference of the finite number of unit cells. The observation of 
Kiessig fringes to 2" > 15° indicates a ∆( < 1	Å by the Parratt relationship.12 Beneath 
the experimental traces is a calculated pattern for a film containing 16 unit cells of 
(MoSe2)1.32SnSe2. The agreement between the calculated and experimental patterns 
indicates that each of the deposited layers self assembles into a unit cell of the target 
structure. The reflections in the specular diffraction patterns (Figure 5.1b) can all be 
indexed as 00l reflections of the heterostructure, yielding a c-axis lattice constant of 
1.307(5) nm for all of the films prepared. This lattice parameter is about 0.05 nm larger 
than the sum of the thicknesses of MoSe2 (0.6464 nm)13–17 and SnSe2 (0.6137 nm)18,19 
layers in their respective bulk structures. The in-plane diffraction pattern (Figure 5.1c) 
contains maxima that can be indexed as hk0 reflections of the MoSe2 and SnSe2 
hexagonal structures yielding a-axis lattice parameters of 0.331(1) nm and 0.381(3) nm, 
respectively. Each of the lattice parameters is < 1% larger than their corresponding bulk 
structures.18,19 The larger c-axis lattice parameter of the heterostructures is probably a 
consequence of the difference in the in-plane lattice parameters of the layers, which 
prevents nesting between the layers as found in 2H MoSe2.18,19  
Cross-section HAADF STEM images of representative areas of a sample 
designed to have 24 unit cells are presented in Figure 5.2. Figure 5.2a contains an image 
from the top to the bottom of the sample. The slightly alternating contrast every other 
layer suggests a periodic stacking of SnSe2 (high contrast) and MoSe2 (low contrast) 
layers. The image shows that the sample contains the targeted number of layers, that the 
layering scheme is retained throughout the probed area, and that there are atomically 
smooth interfaces between discrete layers. This analysis agrees with the diffraction data 
in Figure 5.1. Figure 5.2b shows a region where several different zone axes are present. 
The contrast of the central metal planes of each of the trilayers alternates slightly between 
brighter and dimmer due to the high contrast Sn atoms and the relatively lower contrast 






Figure 5.1. Diffraction data from SnSe2(MoSe2)1.32 samples: (a) Low angle x-ray 
reflectivity data of experimental patterns (blue traces) and calculated pattern (red trace); 
(b) representative specular diffraction patterns of four samples (* = substrate reflections, 
# = stage reflections); and (c) in-plane diffraction containing hk0 maxima that are 





Figure 5.2. HAADF STEM images of representative 24-unit cell stack. (a) Resolvable 
interfaces consistent with the designed layering scheme throughout the entire thickness of 
the film (b) Intermittently aligned zone axes support no epitaxial coherence between 
adjacent layers. Scale bar = 2 nm 
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consistent with the octahedral coordination of Sn and trigonal prismatic coordination of 
Mo in the respective binary dichalcogenides. We observe few zone axes and see an even 
lower instance of adjacent layers that are both aligned down zone axes, suggesting that 
there is a high degree of rotational disorder and no favored stacking of the layers. 
Energy-dispersive X-ray spectroscopy (EDS) images were obtained (Figure 5.3) 
to probe for potential intermixing of cations. The data shows alternating intensity of Sn 
and Mo with a periodicity equal to that of the superlattice from the specular diffraction. 
The regions of highest Mo intensity correspond to the lowest intensity of Sn, indicating 
that there is little-to-no mixing of Sn onto Mo sites. However, the spectra do show some 
Mo intensity on Sn planes. High Se intensity was observed both above and below each of 
the Sn and Mo planes. These observations are consistent with transition metal 
dichalcogenide nanosheets aligned parallel to the silicon substrate. 
 
Figure 5.3. An EDS map of Sn, Mo, and Se along z showing a clear ordering of 
elemental planes. 
 
Rietveld refinements were done on both the in-plane and specular diffraction 
patterns to gain information about interatomic distances and symmetry. The in-plane 
diffraction pattern was modeled with octahedrally coordinated Sn and trigonal 
prismatically coordinated Mo. All atoms were constrained to be on special position sites, 
and only the respective a-axis lattice parameters, thermal parameters, and scales for each 
phase were refined. The strong agreement between the measured and calculated intensity 
(Figure 5.4) supports the presence of layers with structures similar to the respective 
binary bulk compounds. The relative intensity of the two patterns suggest a 20% +/- 10% 
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excess of intensity contribution from the octahedrally coordinated phase relative to the 
calculated misfit parameter. The excess intensity of the SnSe2 layer may result from 
larger grain sizes, as the line widths for the maxima corresponding to the SnSe2 sublattice 
are narrower than for those corresponding to MoSe2.  The EDS maps were used to create 
a starting model for the refinement. Figure 5.4b shows the specular refinement of the 
 
 
Figure 5.4. Rietveld refinements of the in-plane (a) and specular (b) diffraction patterns 




heterostructure, which was used to determine the interlayer spacing for the Sn, Se and Mo 
planes. The spacings between Mo and Se planes was found to be 0.1642(3) nm. This 
interplanar distance is consistent with previously reported trigonal prismatic MoSe2 
structures (0.1667 nm).13–17 Due to the fact that the EDS data indicated the presence of 
Mo on Sn sites within the SnSe2 sublattice, one plane for each type of atom was included 
at the same site. The occupancies were refined to evaluate the amount of each cation 
present at that site. The spacing between Sn (mixed with Mo) and Se planes was found to 
be 0.1568(5) nm, which is between the metal-chalcogen distances in each of the pure 
MoSe2 and SnSe2 lattices—0.1667 nm13–17 and 0.1534 nm18,19, respectively. The refined 
van der Waals gap is 0.3327(1) nm, which is 0.0198 nm larger than that MoSe2 van der 
Waals gap and 0.0258 nm larger than the SnSe2 van der Waals gap. This expansion is 
likely the result of the in-plane lattice mismatch between the constituents, resulting in the 
inability of, adjacent layers to settle (or nest) as found in the 2H and 3R polytypes of 
MoSe2. 
Electrical resistivity data was obtained using the van der Pauw method between 
150 K – 295 K. The resistivity seems to depend exponentially on temperature, indicating 
semiconducting behavior, increasing from 0.067 Ωm at 295 K to 2.35 Ωm at 150 K 
(Figure 5.4). However, the temperature range over which we could collect resistivity data 
was too limited to definitively confirm activated behavior, and measurements over an 
expanded temperature range are needed to further investigate this. A linear regression of 
ln . 	v. 123 yielded an activation energy of 0.20(3) eV, which is significantly smaller than 
the reported band gaps of monolayer MoSe2 (~1.55 eV20–22), bulk MoSe2 (~1.4 eV23), or 
SnSe2 (~0.8 – 1.1 eV24–26). The observed activated behavior is likely due to either a 
dopant band, perhaps from Mo atoms in the SnSe2 layer as suggested by our EDS data, or 
an interlayer band gap. A calculation done on a SnSe2/MoSe2 heterostructure with a type 
II alignment and yielded an interlayer band gap on the order of 0.1 eV.27 
Cross-plane thermal conductivity was measured with time-domain thermal 
reflectance (TDTR), and results of this study are presented in Table 5.1. Thermal 
conductivities varied from 0.043 Wm-1K-1 for the thinnest film containing 8 SnSe2/MoSe2 
unit cells to 0.057 Wm-1K-1 for a film containing 32 SnSe2/MoSe2 unit cells. These 
ultralow cross-plane thermal conductivities are similar to those reported for 
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turbostratically disordered WSe2,4 which is the lowest value previously reported for any 
fully dense solid. Reported values for single crystal dichalcogenides are all significantly 
higher, ranging from 1.75 Wm-1K-1 for single crystalline WSe2 to 4.7 Wm-1K-1 for a 
mined single crystal of MoS2.8,28–31 Mo and W dichalcogenide films grown via high 
temperature synthesis have reported cross-plane thermal conductivities ranging from 1.2 
Wm-1K-1 for WSe2 to 3.5 Wm-1K-1 for MoSe2.32,33 These high thermal conductivities are 
generally in agreement with theoretical work.34,35 There are several prior reports of 
lowering the cross plane thermal conductivity of dichalcogenide systems by lowering the 
structural order. TMD samples prepared by magnetron sputtering with extensive 
structural disorder both within and between the Se-M-Se trilayers have cross plane 
thermal conductivities between 0.1 – 0.3 Wm-1K-1.36 Additionally, electrochemical 
intercalation lowers thermal conductivity in TMDs by ~50-70%, which has been 
correlated with lattice expansion at the van der Waals gaps.31,33Models that account for 
reduced symmetry along z by including stacking disorder and/or 2-3% lattice expansions 
reduce through-plane thermal conductivity, but only to ~0.4 Wm-1K-1.37 The ultralow 
cross-plane thermal conductivity we report in this work is slightly lower than previous 
reports of turbostratically disordered structures synthesized by the MER synthesis 








(nm) c (nm) 
Λ 
(Wm23K23) 
32 0.3809(4) 0.3111(1) 1.3073(3) 0.0582>.??@>.?? 
16 0.3811(7) 0.3114(4) 1.303(1) 0.0522>.??@>.?? 
8 0.3812(7) 0.3099(6) 1.302(6) 0.0432>.??@>.?? 
 
Table 5.1. Summary of lattice parameters from x-ray diffraction and cross-plane thermal 
conductivity (Λ) from TDTR for rotationally disordered SnSe2/MoSe2 films in this study. 
Errors for Λ forthcoming prior to publication. 
 
This study shows that interleaving two structures with significant lattice mismatch 
can lower thermal conductivity to ultralow values. The detailed structural 
characterization shows that the heterostructure is highly periodic containing alternating 
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MoSe2 and SnSe2 planar nanosheets that retain the in-plane structure of their bulk lattices. 
The large mismatch between basal plane structures maximizes rotational disorder and 
increases the van der Waals gap in the heterostructures. The interplanar rotational 
disorder gives rise to highly anisotropic bonding environments which maximizes 
anharmonicity. This work suggests that turbostratic disorder can be maximized by 
layering two materials with a large, incoherent mismatch, and that this disorder 
effectively reduces thermal conductivity. 
 
5.4. Bridge 
 Chapter 4 demonstrated the significant influence of rotational disorder in 
depressing the cross-plane thermal conductivity of TMD nanolaminate films. In this 
study, we build on this finding by strategically interleaving two constituents with 
hexagonal symmetry, but a significant lattice mismatch in order to diminish the extent of 
atomic registry between layers. In this study, we report the synthesis—enabled by the 
XRF method in Chapter 3—and characterization of a rotationally disordered 
ferecrystalline heterostructure of SnSe2 and MoSe2 with the lowest cross-plane thermal 
conductivity reported in the literature. Having established a key design principle for low 
thermal conductivity materials, Chapter 6 is aimed at designing a material with potential 
for improving electrical contacts for MoSe2-containing devices by gaining control of the 
Mo center’s coordination. 
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CHAPTER VI: 
MIXED PHASE 1T/2H MOSE2 in (BISE)0.97MOSE2 HETEROSTRUCTURE 
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data for this project. Shannon Fender assisted in the collection of data for the annealing 
study. And, Fabian Göhler conducted the x-ray photoelectron spectroscopy data. I 
synthesized all samples, conducted the structural characterization, and gathered the 




We report the synthesis and characterization of a new intergrowth of alternating 
BiSe and MoSe2 layers that has been prepared by modulated elemental reactants. 
Specular and in-plane diffraction characterization shows that nanosheets are oriented 
parallel to the substrate. The heterostructure was found to have a c-lattice parameter of 
1.245(2) nm. The in-plane hexagonal structure (a = 0.3320(5) nm) of the MoSe2 appears 
undistorted from reports of thermodynamic phases. However, the BiSe sublattice forms a 
puckered rock salt structure with a rectangular basal plane (a = 0.4613(5) nm, b = 
0.4261(4) nm). High angle annular dark field scanning transmission electron microscopy 
shows two distinct coordination environments for Mo centers in the MoSe2 layer—both 
the metallic octahedral (1T) and the semiconducting trigonal prismatic (2H). Estimates by 
x-ray photoelectron spectroscopy show that ~40% of the MoSe2 has been converted to 
the 1T phase. Conversion of 2H MoSe2 has most commonly been accomplished by 
mobile intercalation species (i.e. Li) and reverts to the 2H phase at T > 180 °C, yet we 
report thermal treatment of the BiSe/MoSe2 heterostructure at T ≤ 350 °C and retention 





Group 6 transition metal dichalcogenides (TMDs) have attracted tremendous 
research interest following the discovery that they transition to direct band gap materials 
at the monolayer limit—MoS2,1,2 MoSe2,3 WS2,4 and WSe25. This makes them attractive 
candidates for integration into a variety of ultrathin electronic and optoelectronic 
devices,6,7 such as field effect transistors (FETs),8 light emitting diodes (LEDs),9,10 and 
photovoltaics.11,12 Their naturally occurring layered structure—with a strong covalent 
network in the xy plane and weak van der Waals forces along the z axis—makes isolation 
of monolayers a relatively facile procedure.13 Additionally, surface sites are free of 
dangling bonds that commonly give rise to deep-gap trap states in more isotropic 
semiconductors, such as silicon and III-V materials. As more is learned about the unique 
properties of 2D TMDs, there has also been a parallel body of literature in van der Waals 
heterostructures, in which 2D components are stacked on top of or alongside one another 
to impart coupled or tunable functionality to devices.14 Heterostructures have been shown 
as viable routes to extend exciton lifetimes,15 tune band gaps,16 and improve carrier 
collection efficiencies.17 Studies commonly report mobility as an all-inclusive metric to 
evaluate device quality/performance; however, there is considerable variation in mobility 
values reported for similar devices due to the difficulty of making an Ohmic contact to 
MoX2 (X = S, Se), even for similar films made by common syntheses.18 Device 
performance for TMDs and TMD heterostructures relies heavily on the ability overcome 
a significant Schottky barrier to achieve a low-resistance, Ohmic contact that will push 
these materials toward their theoretically predicted intrinsic transports. However, 
common strategies—degenerately doping source/drain regions—or bulk semiconductors 
(Si) cannot be realized in 2D materials systems due to their extremely thin dimensions.19  
Group 6 TMDs undergo a phase transition upon electron injection, which has 
proven useful in nanoelectronic devices. Commonly achieved by lithium intercalation, 
the semiconductor 2H phase (trigonal prismatic coordination) will rearrange to the 
metallic 1T phase (octahedral coordination).13,20 Notably, Kappera et al created a 2H-
MoS2 transistor with 1T-MoS2 source/drain contacts and reported significantly improved 
contact performance (low contact resistance) with zero gate bias.18,21 This phase 
engineering strategy has also been utilized in both MoTe2 systems22 as well as WSe2 
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systems, where the phase transition was shown to be reversible upon annealing at 180 °C, 
which presents an obstacle for higher temperature applications.23 Additionally, the use of 
lithium as an intercalant is not ideal due to its high mobility and volatility. These serve to 
hamper the ability for position selective conversion to the 1T phase and narrow the 
temperature range over which the 1T phase is retained. Depositing a metallic contact in 
sequence using a vapor deposition technique has been suggested.24 A recent review 
article suggests that further investigation into stabilizing the metallic 1T phase is needed 
if phase engineering is to be a viable contact engineering strategy.25 
In this study, we present the synthesis of a new BiSe/MoSe2 intergrowth and 
characterization of its structure and properties. To the best of our knowledge, this is the 
first report of a Bi|Mo|Se compound, and there is currently no ternary phase diagram. We 
used a sequential physical vapor deposition technique in which elemental layers are 
deposited to form a modulated elemental precursor that is subsequently heated to induce 
self assembly into an interleaved BiSe/MoSe2 heterostructure. Structural analysis shows 
self assembly of a superlattice consisting of 1 BiSe and 1 MoSe2 layer. Ultimately, our 
goal was to investigate the ability of the BiSe to donate electrons into the conduction 
band of the MoSe2 sublattice and induce the 2Hà1T phase transition. Previous work has 
shown that BiSe is capable of donating electrons to other TMD lattices—namely, NbSe2 
and TiSe2.26–28 The coordination in the MoSe2 sublattice was probed XPS and HAADF-
STEM and found to consist of mixed 2H/1T phases. IV curves gathered for resistivity 
analysis show Ohmic behavior for the heterostructure, consistent with what has been 
reported for other 1T phase group 6 dichalcogenide devices. Our work demonstrates that 
a sequential vapor deposition technique is a viable alternative to lithium intercalation 
strategies for 2Hà1T conversion in MoSe2. Additionally, as the BiSe layer is non-
volatile, we report retention of the 1T phase even after heating at 350 °C, which 
represents an expanded temperature stability range. 
 
6.3. Experimental 
The heterostructure precursors were prepared by the modulated elemental 
reactants (MER) method, which is a modified physical vapor deposition technique 
described in detail elsewhere.29,30 In short, commercially-obtained elemental source 
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materials are heated at the base of a custom-build deposition chamber—bismuth and 
molybdenum by Thermoinics electron beam guns and selenium in an effusion cell—at P 
< 1 × 10-6 torr to generate plumes of metal atoms that are aimed at a silicon or quartz 
substrate above. The rate of evaporation for each source—0.03 nm/s, 0.02nm/s, and 0.05 
nm/s for bismuth, molybdenum, and selenium, respectively—is monitored by a set of 
piezoelectric quartz crystal microbalances (QCMs), which interface with the heating 
elements and their deposition controllers via a LabVIEW software package. This ensures 
a constant rate of deposition and precise control with respect to the deposited thickness. 
The Si (100) substrate (or fused silica for electrical samples) sits on a motorized carousel 
that moves back and forth between elemental sources to enable the sequential deposition. 
The plumes are blocked from the substrate by a set of pneumatically controlled shutters 
that actuate by the LabVIEW software for precise time intervals in conjunction with 
information from the rate monitors. Samples were subsequently transported through 
atmosphere to an inert atmosphere (dry N2, PO2 < 1 ppm) for annealing on a hot plate. 
Atomic composition was evaluated using a Rigaku ZSX Primus II wave dispersive X-ray 
fluorescence (XRF) spectrometer with a rhodium source, per the procedure described by 
Hamann et al.31 
Low angle X-ray reflectivity (XRR) and high angle X-ray diffraction (XRD) 
measurements for both the as-deposited and thermally treated films were obtained using a 
Bruker D8 Discover diffractometer, equipped with Cu K% radiation and a Göbel mirror. 
An out-of-plane structural refinement was performed on the self assembled 
heterostructure by Rietveld analysis using the FullProf software package. The refinement 
provided information about the ordered atomic planes along the c-axis. Grazing incidence 
in-plane X-ray diffraction (GIXRD) was performed on a Rigaku SmartLab (Cu K% 
radiation) to monitor phase evolution during the annealing study. The in-plane structure 
was then probed using glancing angle X-ray diffraction at the Advanced Photon Source 
(33-BM-C), and the a- and b- lattice parameters were determined by LeBail fitting using 
FullProf. We obtained real space images of the compound to evaluate the structure by 
high angle annular dark field scanning transmission transmission electron microscopy 
(HAADF-STEM) using an aberration-corrected Thermo Fischer Titan (300 kV electron 
beam) at Pacific Northwest National Laboratory. Prior to imaging, samples were prepped 
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by creating electron transparent lamellae. The lift-outs were made by a wedge-prep 
method32 with a Ga+ focused ion beam on a Thermo Fischer Helios Nanolab, 600i. 
Temperature-dependent resistivity measurements were taken between 150 - 295 K using 
the van der Pauw method.33 
 
6.4. Discussion 
Precursors were prepared by depositing a repeat sequence of Bi|Se|Mo|Se 
elemental layers. The precursors were designed such that the local composition of each 
layer mimicked that of the target crystalline nanolaminate. The target atoms per Å2 for 
each element in the precursor were calculated from the binary structures. Using values 
calculated from intergrowths containing either MoSe2 or BiSe structures also prepared by 
MER synthesis give essentially the same answer.27 The amount of each element in the 
precursor was measured by x-ray fluorescence (XRF) spectroscopy. The intensities for 
each element were converted to atoms per unit area using to calibration standards. The 
atoms per area of each element in the precursor was compared with calculated values.31 
The period of the repeating sequence of elemental layers in the precursor was measured 
using x-ray reflectivity and found to be 1.331(7) nm, which is slightly larger than the 
simple sum of the lattice parameters of the constituents. This expansion is likely due to 
inefficient packing arrangements of atoms in non-crystalline film or extra Se deposited, 
which has been found to facilitate self-assembly. 
Once the modulated elemental precursors were prepared with the desired 
composition, an annealing study was conducted to determine if the target BiSe/MoSe2 
structure formed and to identify the optimal thermal treatment for the self-assembly. 
Samples were annealed for 10 minutes at temperatures between 50 °C and 450 °C on a 
hot plate in a dry nitrogen atmosphere with oxygen concentration < 1 ppm. Samples were 
measured at each temperature step using XRF spectroscopy to monitor the composition 
and x-ray diffraction to evaluate structural evolution. Specular diffraction patterns of the 
thermally treated precursors at each temperature step are shown in Figure 6.1. The as-
deposited scan shows a broad reflection at low angle due to the elemental layering and 
weaker broader reflections at higher angle from the beginning of the self assembly 
process during deposition. The higher angle reflections steadily intensify and narrow 
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when annealed at higher temperatures up to 450 °C as the sample self assembles. The 
reflections can all be indexed using a single index, showing only the 00l family of 
reflections. This indicates preferred orientation, with BiSe and MoSe2 nanosheets 
oriented parallel to the substrate. The c-axis lattice parameter increases monotonically 
with temperature up to 350 °C, at which point there is no longer a discernible change. 
The 001 reflection is shifted to slightly higher angles in the as-deposited and low 
temperature samples, but it comes into alignment with the index assigned to the higher 
order peaks at 350 °C and above. The c-lattice parameter after annealing at 350°C is 
1.245(2) nm. This is close to the c-axis lattice parameter reported previously for 
(BiSe)1(MSe2)1 compounds, where M = Nb and Ti.26,34 Evidence of a secondary phase is 
observed at 450 °C, with maxima growing in at 2& ≈ 19°, 48°, which is likely due to the 
conversion of the BiSe sublattice into the more thermodynamically stable Bi2Se3.35 The 
intensity of the first order reflection also decreases after annealing at temperatures above 
350 °C. 
 
Figure 6.1. The out-of-plane diffraction shows evolution of a superlattice with heat 
treatment at increasing temperature. The secondary phase peaks due to the formation of 
Bi2Se3 have been identified by the asterisk (*), and the small maximum at 2θ ≈ 62° (#) is 
a contribution from the diffractometer stage. 
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Low angle x-ray reflectivity (XRR) scans collected as a function of annealing 
time at a temperature of 350 °C are shown in Figure 6.2. The scans contain the first two 
Bragg reflections from the targeted heterostructures and periodic oscillations (i.e “Kiessig 
fringes”) resulting from the interference of scattered intensity off the top and bottom 
interfaces of the film and from the incomplete destructive interference of the finite 
number of repeating layers deposited (Laue reflections). As annealing time increases, the 
Kiessig fringes become more intense and can be observed to higher angles. As described 
by the Parratt relationship, this indicates that the top and bottom of the film are becoming 
more parallel.36 The self assembly of the layers into the targeted compound also increases 
the intensity of the Laue reflections. The number of minima between the critical angle 
and the first Bragg reflection in the sample annealed 30 minutes indicates that the number 
of self-assembled layers matches the number of repeat units that were applied during 
deposition. The thickness of the film, 39.83(5) nm, was calculated from the position of 
each fringe maximum using Bragg’s law corrected for refraction. For a perfect sample the 
thickness of the film should be equal to the c-lattice parameter determined from the high 
 
Figure 6.2. Low-angle diffraction (XRR) patterns show that as annealing time is 
increased, the target number of unit cells self assemble across the film. 
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angle specular diffraction pattern (1.245(2) nm) multiplied by the number of unit cells 
deposited (in this case, 32 layers). The calculated thickness (39.84(6) nm) is within error 
of the measured thickness 39.83(5) nm. The x-ray measurements taken together indicate 
that the film contains 32 repeating periods, each containing a single layer of MoSe2 and 
BiSe. 
Grazing-incidence in-plane (hk0) diffraction scans collected as a function of 
annealing temperature are shown in Figure 6.3. The as-deposited scan contains only very 
weak and broad maxima, suggesting that crystalline BiSe and MoSe2have not formed on 
deposition. The intensity of the broad reflections increases slightly after annealing at 
200 °C, but distinct reflections for BiSe and MoSe2 only become evident when the film is 
heated at 300 °C. XRF intensity for all elements remained constant at the target 
stoichiometry until 350 °C. At 450 °C an additional reflection appears, which is 
consistent with the formation of Bi2Se3. XRF intensity indicates a loss of Se and Bi, with 
a larger percentage loss of Bi leading to the formation of the more selenium rich Bi2Se3. 
Accordingly, optimal thermal treatment was determined to be 350 °C for 30 minutes. 
 
 
Figure 6.3. All maxima in the in-plane diffraction can be indexed to the target BiSe and 
MoSe2 sublattices with the exception of the reflection at 2θ ≈ 24.5°, which may be 
assigned to Bi2Se3. 
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All of the reflections in the in-plane diffraction patterns (Figure 6.4) of precursors 
annealed at 350 °C for 30 minutes could be indexed as hk0 reflections arising from 
independent hexagonal and rectangular lattices. The lattice parameters of each were 
refined using a Le Bail fit as summarized in Table 6.1. The lattice parameter of the 
hexagonal sublattice (a = 0.3320(5) nm) is consistent with that of MoSe2.37–41 The fitting 
of the rectangular basal plane unit cell yielded lattice parameters of a = 0.4613(5) nm and 
b = 0.4261(4) nm. These values are similar to those previously reported for other BiSe 
heterostructures containing one layer of interleaved TMD (a = 0.447 nm, b = 0.4285 nm 
for (BiSe)1.11NbSe2;26 a = 0.4562(2) nm, b = 0.424(1) nm for (BiSe)1.15TiSe234), however 
the difference between the a and b lattice parameters is slightly larger. Mitchson et al. 
showed that the lattice parameters of the BiSe sublattice depended on the amount of 
 
Figure 6.4. In-plane diffraction shows hk0 Bragg maxima which can be indexed to an 
undistorted hexagonal MoSe2 sub-lattice and an orthorhombic BiSe sublattice. 
 
 
Table 6.1. In-plane lattice parameters for each sublattice from Le Bail fitting. 
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charge that was transferred from the BiSe lattice into adjacent TX2 layers based on 
changes observed in (BiSe)1.16(NbSe2)n compounds as n is increased.27 Additionally, 
Wood et al. reported changes to the dimensions of the BiSe sublattice as well as carrier 
concentration in the (BiSe)1.14[(TiSe2)n] system as n 2à4. This suggests that the 
distorted lattice observed here may be rationalized on the basis of charge transfer from 
the BiSe lattice. 
Rietveld refinement of the specular diffraction pattern was conducted to 
determine the position of the atomic planes along the c-axis (Figure 6.5). The distance 
between the Mo and Se planes in MoSe2, 0.1642(3) nm, is 0.003 nm smaller than that 
found the binary compound. The distance between Se plane of the MoSe2 layer and Bi 
plane in the BiSe layer (i.e. “van der Waals gap”) is 0.013 – 0.004 nm larger than what is 
reported in other ferecrystalline compounds prepared by MER.26–28,42 While a single 
plane containing Bi and Se would be expected if it self-assembled into an ideal rock salt 
structure, a significant difference between the position of the Bi and Se planes is 
 
Figure 6.5. Rietveld analysis shows a puckered rock salt lattice. The purple trace at the 
bottom of the figure is the residuals between the calculated and experimental patterns. All 
distances in the inset are given in nanometers. 
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observed, 0.037(1) nm. The Bi plane is shifted towards the Se plane in MoSe2. This 
amount of puckering observed is on the same order as what has been reported for other 
BiSe-containing systems.26–28 Weigers suggested that interlayer charge transfer between 
two constituents in the superlattice causes the cations in the MX layer to protrude into the 
interlayer gap toward the anion (X) atomic centers in the TX2 layer. 
In order to further evaluate the structure of the two lattices and investigate their 
stacking, cross-sectional high angle annular dark field scanning transmission electron 
microscopy (HAADF STEM) images were collected and a representative image is shown 
in Figure 6.6. The image contains alternating 2D bilayers and trilayers consistent with the 
expected rock salt structured BiSe and MoSe2 respectively. The constituent layers are flat 
with atomically sharp interfaces. These observations are consistent with the low- and 
high-angle specular diffraction data. The orientations of each layer vary throughout the 
image. When zone axis orientations are observed, those for BiSe are consistent with a 
distorted rock salt structure. Two distinct coordination environments were observed in the 
MoSe2 layers, however. Chevrons are observed in some regions of the cross-section 
images, consistent with a (110) orientation of a TX2 compound in which the transition 
metal atom has trigonal prismatic coordination. Diagonal slashes are observed in other 
layers, however, consistent with a (110) orientation of a TX2 compound with the 
transition metal atoms having octahedral coordination.  
While the thermodynamically stable coordination of Mo in MoSe2 is trigonal 
prismatic, octahedral coordination of Mo is observed in LiMoSe2.13,20 This suggests that 
there may be two different oxidation states for the Mo in (BiSe)0.97MoSe2. The different 
layers do not appear to form discrete, continuous layers, but instead nanoscale regions of 




Figure 6.6. Cross section HAADF-STEM image showing alternating layers of BiSe and 
MoSe2. The MoSe2 layers display two distinct atomic arrangements consistent with 
octahedrally and trigonal prismatically coordinated Mo atomic centers in the TMD layer. 
 
X-ray photoelectron spectra (XPS) were collected to obtain an estimate for the 
relative amounts of 1T and 2H regions in (BiSe)0.97MoSe2. Spectra were collected from 
freshly cleaved, buried interfaces by fixing a peg to the top of the film and breaking along 
the van der Waals gaps to expose interior interfaces. This process was repeated on 5 
different sample areas, and a representative spectrum is presented in Figure 6.7. The 
photoelectrons from regions where Mo has octahedral coordination have different  
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Figure 6.7. The XPS data represented by the black diamonds does not adequately match 
a single coordination environment. The proportioned fits shown in red and blue are 
indicative of how much of each phase is present in the probed sample volume. 
 
binding energies from regions where Mo has trigonal prismatic coordination.43 The 
binding energies of these two signals coincide with a signal from the Se 3s. The 
individual signals from the Se 3s, trigonal prismatic Mo, and octahedral Mo are shown in 
green, red, and blue, respectively, in Figure 6.7. In order to estimate the relative amount 
of each phase, linear combinations of these three signals were taken to fit the data. The 
integrated intensity ratios of signals from octahedral and trigonal prismatic Mo in the 5 
measured samples varied between 34% and 48% octahedral. We estimate that 40% ± 
10% of the MoSe2 is present in the 1T phase, which is consistent with analysis of the 
HAADF STEM images. 
Electrical resistivity data was collected as a function of temperature (Figure 6.8) 
using the van der Pauw method on samples deposited on quartz substrates through a 
cross-shaped mask. Contacts were made by pressing indium on the edges of the cross 
geometry films. The room temperature resistivity is four orders of magnitude smaller 
than that measured for a binary MoSe2 also made by MER synthesis. The measured 
resistivity increases as temperature is decreased. The temperature dependence indicates 
an activated conduction mechanism with an additional contribution to the conductivity 
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that appears to be relatively constant through the probed temperature region. At the 
lowest temperatures measured, the slope of the ln(resistivity) versus 1/T yields an 
activation energy of 0.005 eV for the carriers. For the higher temperatures measured, the 
slope increases, suggesting activation from an additional band with a larger activation 
energy. 
 
Figure 6.8. Temperature-dependent resistivity analysis which shows activated 
conduction behavior. 
 
The magnitude and temperature dependence of the electrical resistivity of 
(BiSe)0.97MoSe2 reflects charge donation from the BiSe layer to the MoSe2 layer. 1T 
MoSe2 is metallic and 2H MoSe2 is a semiconductor with a band gap of ~1.53 eV.3 
Turbostratically disordered MoSe2 where Mo has trigonal prismatic coordination is a 
semiconductor with an activation energy from electrical measurements of 0.19 eV (see 
chapter 4). The structural characterization presented here indicates that the MoSe2 layers 
in (BiSe)0.97MoSe2 consist of regions with octahedral and trigonal prismatic coordination. 
The observed activated conductivity suggests that there is not a continuous network of 
octahedrally coordinated MoSe2 regions. The activation energy is approximately a factor 
of three lower than that reported for turbostratically disordered MoSe2. 
 
6.5. Conclusion 
We prepared a new compound of interleaved BiSe and MoSe2 layers by vapor 
deposition synthesis. Electron donation from the BiSe into the MoSe2 resulted in a mixed 
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octahedral/trigonal prismatic coordination environment for the MoSe2 sublattice. The 
electrical data shows that the heterostructure is three orders of magnitude more 
conductive than the binary MoSe2 film, which is consistent with the inclusion of the 
metallic 1T phase. Further study should be done to investigate the possibility of affecting 
the fraction of the two MoSe2 phases by varying the number of BiSe bilayers in the unit 
cell. Additionally, phase engineering has been suggested as a means of improving 
contacts to MoSe2, making this material potentially interesting for device applications. 
 
6.6. Bridge 
Conversion of semiconducting 2H MoSe2 to the metallic 1T polymorph is 
generally accomplished in the literature with the use of lithium, a mobile and volatile 
intercalating agent. The ability to control the coordination environment of Mo centers 
with the use of a non-mobile and non-volatile intergrowth offers the possibility for 
position selective conversion and further demonstrates the immense utility of 
nanolaminate heterostructures such as those discussed in this dissertation. This particular 
heterostructure is exciting for its potential use as an Ohmic contact material for other 
MoSe2-containing van der Waals structures. This could potentially be used to gather 
additional electrical data on the heterostructures in the preceding chapters. 
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CHAPTER 7: 
CONCLUSIONS, SUMMARY, AND OUTLOOK FOR FUTURE WORK 
 
As a material class, van der Waals compounds and their corresponding 
heterostructures represent an immensely versatile platform on which to design next 
generation nanoelectronics. Modulated elemental reactants (MER) is a powerful synthesis 
model in its ability to access kinetically stable compounds at low temperatures with 
seemingly limitless layering schemes for metal chalcogenides. The structures studied in 
this dissertation all pertain to one material—MoSe2—that has been the subject of 
significant research interest in the past decade. 
Re-engineering the analysis of x-ray fluorescence (XRF) spectroscopy data 
enabled us to create an ultrasensitive probe for MER synthesis. Our new method for XRF 
data treatment is able to provide the number of atoms per unit area in a thin film. This 
gives experimentalists an unprecedented ability to measure absolute composition. This 
tool enabled the preparation of MoSe2 samples with an integer numbers of layers in the 
self assembled products. In addition to making some of the thinnest samples ever 
prepared in the Johnson lab, we were also able to make MoSe2 films with such precisely 
defined layers that we saw, for the first time, diffraction phenomena (Laue oscillations) 
previously not observed in ferecrystalline materials. The XRF method we outline has 
sub-monolayer elemental sensitivity, and it would be a worthwhile endeavor for future 
lab members to study the preparation of thinner MoSe2 films than those that have been 
presented in this dissertation (8 unit cells). 
Turbostratic disorder in TMD films has long been thought to depress cross-plane 
thermal conductivity. However, subsequent electron microscopy called the global level 
diffraction characterization published in the original work into question. In this 
dissertation, definitive structural characterization is shown at both the global and granular 
level of a highly periodic MoSe2 array, wherein the salient structural feature is rotational 
disorder. This structural feature is enough to reduce cross-plane thermal conductivity to 
near-record breaking lows. It was noteworthy however, from the cross-section HAADF-
STEM images, that low levels of interlayer rotational alignment were occasionally 
observed. 
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To further probe the relationship between turbostratic disorder and cross-plane 
thermal conductivity, a heterostructure of alternating SnSe2 and MoSe2 layers was 
prepared. The lattice-mismatched interfaces between the two constituents decrease the 
frequency of atomic registry across layers. Accordingly, record-breaking low cross-plane 
thermal conductivity was observed. It is interesting to note that for both the MoSe2 and 
SnSe2/MoSe2 systems, cross-plane thermal conductivity is lowest for the thinnest films. 
A more robust investigation and explanation of this is needed in the future. 
A variety of studies have shown MoSe2 to be a good electron acceptor of high 
energy electrons, and other studies have shown BiSe to be a strong electron donor. The 
final project in this dissertation presented the synthesis and characterization of an entirely 
new Bi|Mo|Se phase of alternating BiSe and MoSe2 layers. Within the context of this 
heterostructure, MoSe2 possesses a mixture of the semiconducting 2H and metallic 1T 
phases, which appear to be randomly distributed throughout the volume of the film. No 
continuous conducting path was detected laterally across the film. 
The preparation of this heterostructure is exciting for its potential future 
applications. There has been a rapidly growing body of literature pertaining to the many 
known and theoretical uses of MoSe2 in next generation nanoelectronics and 
optoelectronics; however, making an Ohmic contact to MoSe2 has presented a formidable 
challenge. Phase engineering by electron injection from a BiSe sublattice offers the 
possibility of patterning 1T contacts to functional 2H regions. Yet, before this can be 
realized, more investigation of the Bi|Mo|Se system must be done. Assuming electrons 
are injected from the BiSe sublattice, it stands to reason that increasing the number of 
BiSe layers between MoSe2 layers may have an effect on the percent conversion to the 
1T phase. Additionally, if 3 layers of MoSe2 were made between BiSe sheets, cross-
section HAADF-STEM images would show whether 2H à 1T conversion was limited to 
interfacial MoSe2 layers or if it was observed evenly across interfacial and buried layers. 
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APPENDIX (A): 
SUPPLEMENTAL INFORMATION FOR CHAPTER 3 
 
 
Figure A.1. Graph of intensity (arbitrary units) versus film thickness (nm) according to 
Equation 1 (red diamonds) and Equation 2 (blue triangles). The error in intensity of 
assuming film thickness is small is less than 5% for thicknesses below 100 nm. For this 
plot, the mass absorption coefficient µT(λi) of the wavelength of interest and film density 
ρ were chosen to be 1000 cm2/g and 7 g/cm3, respectively. The values of each were 




Figure A.2. XRF intensity as a function of the amount of molybdenum deposited from an 
electron beam gun. Mo was deposited using a different physical vapor deposition system 
and a different XRF diaphragm was used to define an area during the XRF experiments, so 
there is a different metric for the arbitrary units of the amount of material deposited and in 




Figure A.3. X-ray emission lines for the (a) La, (b) Lb1, and (c) Ma of Pb were tested to 
determine the best parameters for measuring the amount of Pb in each sample. The Ma 
line was chosen as it showed the largest difference in intensity between the sample 




Figure A.4. Calculated X-ray emission intensities for the (a) Ka, (b) La, and (c) Ma 
lines of Bi in a film of Bi2Se3.  The values inserted into Equations 1 and 2 are: ! = 7.71 
g/cm3, µ(Mα) = 1300 cm2/g, µ(Lα) = 100 cm2/g, and µ(Kα) = 2.0 cm2/g. The total mass 
attenuation coefficient µ is calculated form the weighted average of the individual 
attenuation coefficients of each element present in the film. Equation 2 yields the blue 
dashed line and the values from Equation 1 are given by the red continuous line.  
	 121 
	
Figure A.5. Calculated X-ray emission intensities for the (a) Ka, (b) La, and (c) Ma 
lines of Pb in a film of PbSe.  The values inserted into Equations 1 and 2 are: ! = 8.29 
g/cm3, µ(Mα) = 1600 cm2/g, µ(Lα) = 100 cm2/g, and µ(Kα) = 2.0 cm2/g. The total mass 
attenuation coefficient µ is calculated form the weighted average of the individual 
attenuation coefficients of each element present in the film. Equation 2 yields the blue 
dashed line and the values from Equation 1 are given by the red continuous line.  
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Figure A.6. Calculated X-ray emission intensities for the (a) Ka and  (b) La lines of Se 
in a film of PbSe.  The values inserted into Equations 1 and 2 are: ! = 8.29 g/cm3, µ(Lα) 
= 2000 cm2/g, and µ(Kα) = 100 cm2/g. The total mass attenuation coefficient µ is 
calculated form the weighted average of the individual attenuation coefficients of each 
element present in the film. Equation 2 yields the blue dashed line and the values from 





Figure A.7. A graph of intensity versus atoms per Å2 for the elements (a) Bi, (b) Nb, (c) 
Pb, and (d) V found in a variety of samples, each consisting of a different element matrix. 
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